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ABSTRACT
Evaluation of Factors Affecting the Performance of Biological Phosphorus Removal 
in a Full-Scale Wastewater Treatment Plant
by
Cesar Mota
Dr. Jacimaria R. Batista, Examination Committee Chair 
Assistant Professor of Environmental Engineering 
University of Nevada, Las Vegas
Parameters bearing on the performance of a full-scale 88-MGD enhanced 
biological phosphorus removal (EBPR) system were examined. Samples were collected 
for a 10-month period in a basin and in a secondary clarifier of the plant. Samples were 
analyzed for nitrate, total and ortho-phosphorus, COD, acetic acid, polyhydroxybutyrate, 
glycogen, calcium, magnesium, potassium, ammonia, alkalinity, TSS, GRP, pH, and 
DO. Profiles of the aerobic and anaerobic zones, and secondary clarifier showed that the 
plant is operating as an actual EBPR system, with sporadic phosphorus excursions. Low 
BOD input to the system, high phosphorus from return streams of the sludge handling 
process, high nitrates in the RAS, and strong denitrification in the secondary clarifiers 
were identified as potential causes for the occasional excursions. A correlation was 
found between TSS and nitrate concentrations in the RAS, indicating that the former 
may serve as a good parameter for controlling denitrification in secondary clari fiers.
ui
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CHAPTER I 
STATEMENT OF THE PROBLEM
1.1. Introduction
Federal regulations on phosphorus discharge permits have become increasingly 
strict lately, as the population and the regulation agencies are becoming more concerned 
about the preservation of water bodies. Consequently, the demand for efficient 
wastewater treatment technologies has increased significantly.
Phosphorus is an essential nutrient for aquatic life growth and maintenance. 
However, when it is present in sufficiently high concentrations it can lead water bodies 
to eutrophication. Eutrophication is defined as a process of enrichment in which a water 
body contains so much nutrients that aquatic productivity is greater than its decay, 
resulting in dense algal growth. Dense algal growths limit photosynthesis to the top 
layer of the water body preventing the sunlight from reaching the lower layers. The 
algae below die and are decomposed by bacteria, which then deplete the available 
dissolved oxygen in the water. Oxygen depletion presents further effects as other 
organisms die as a result, creating a depletion of oxygen by their own decay. In addition, 
the presence of high concentrations of algae negatively affects the water’s taste, odor, 
and appearance.
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Domestic wastewater is rich in phosphorus and needs to be properly treated 
before final discharge. Phosphorus can be removed from wastewaters chemically and 
biologically. Chemical removal of phosphorus is obtained by the addition of coagulants 
(e.g. lime, aluminum and iron salts) to the wastewater. This removal technology is 
widely used; however, costs are sometimes prohibitive, especially when discharge 
concentrations below Img/L as total phosphorus are required (Bowker and Stensel,
1990). In enhanced biological phosphorus removal (EBPR) systems, the wastewater is 
submitted to alternate anaerobic and aerobic conditions, with continuous sludge 
recycling in order to select for phosphorus accumulating organisms (PAOs). During the 
anaerobic phase, PAOs obtain energy from the breakdown of intracellular poly­
phosphate (PP) to promote the uptake of volatile fatty acids (VF As). VF As are stored as 
intracellular polyhydroxyalkanoates (PHAs) that are used as energy source for 
phosphorus uptake (as PP) in the subsequent aerobic phase of the process. PAOs are 
capable of taking up more phosphorus in the aerobic tank than that released during the 
anaerobic phase. Phosphorus is finally removed from the wastewater by sludge wasting 
after secondary clarification. EBPR systems are extensively used in spite of their 
relatively recent development. Ideally, EBPR and chemical precipitation should be 
considered as complementary processes. EBPR systems would reduce phosphorus 
concentrations to a practical minimum and the residual would be removed chemically 
(Sedlak, 1991).
The wastewater treatment facilities in the Las Vegas Valley operate under very 
strict regulations because their effluent is directly discharged into Lake Mead, which is a 
national recreational area and the primary source of drinking water supply to the entire
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
valley. Therefore, it is crucial to improve the efficiency of facilities removing 
phosphorus in the Las Vegas Valley.
Several parameters are known to influence the efficiency of EBPR systems. The 
presence of nitrate in the anoxic stages of the process is widely recognized as having a 
repressive effect on phosphorus release and on net phosphorus removal. This occurs 
because denitrifying organisms compete with PAOs for VF As. Besides nitrate,
dissolved oxygen (DO), influent substrate concentration, effluent suspended solids 
concentrations, and phosphorus loading fi-om return streams have been reported as 
influential parameters for the efficiency of EBPR systems.
Much of what is known today about biological phosphorus removal has been 
learned through experiences in full-scale operations (Sedlak, 1991). Therefore, it is 
necessary to examine the behavior of full-scale plants to entirely understand EBPR 
systems. It is almost impossible to simulate full-scale behavior in laboratory and while 
models are developed from laboratory studies, they need to be confirmed using data 
from full-scale operations. In the present study, parameters bearing on the 
performance of an EBPR system were examined in a full-scale wastewater treatment 
plant. The plant evaluated was the Clark County Sanitation District (CCSD) wastewater 
treatment plant. Las Vegas, Nevada. This facility treats 88 MGD of domestic 
wastewater and consists of eight sets of aeration basins, each compartmentalized into 
anoxic/anaerobic/aerobic tanks, and accompanying secondary clarifiers. One aeration 
basin/secondary clarifier set (herein referred as basin #4) was selected for the study of 
the EBPR process.
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1.2. Objectives
The objectives of this research are the following:
1. To profile important parameters in the EBPR system of CCSD, such as 
dissolved oxygen, phosphorus, nitrogen, pH, alkalinity, and substrate 
concentrations.
2. To profile important microbial storage products (polyhydroxyalkanoates and 
glycogen) within the EBPR system.
3. Investigate the relationship between dissolved phosphorus and metals 
(calcium, magnesium, and potassium) within the treatment.
4. Evaluate the importance of Bio-P solids handling to the plant’s performance.
5. Identify potential factors that affect the performance of the EBPR system of 
CCSD.
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CHAPTER 2 
LITERATURE REVIEW
2.1. Phosphorus in Wastewater
Phosphorus may be present in wastewater in three forms: orthophosphate, 
polyphosphate, and organic phosphate. Typically, the majority of phosphorus enters 
wastewaters from kitchen grinders, and human wastes. Human and kitchen wastes 
account for 30% to 50% of the phosphorus in domestic wastewater (Cheremisinoff, 
1994). Most of the inorganic phosphorus in wastewater is contributed by human wastes 
as a result of the metabolic breakdown of proteins and elimination of the liberated 
phosphates in the urine (Sawyer and McCarty, 1978). The amount of phosphorus 
released is a function of protein intake and, for the average person in the United States, 
this release is considered to be about 1.5 g/day (Sawyer, 1954). Other phosphorus 
sources originate in industry where they are used to control corrosion and scaling 
(Cheremisinoff, 1994). In addition, discharges from potato processing plants, fertilizer 
wastes, industries manufacturing phosphates and phosphoric acid, dairy wastes, urban 
and agricultural run-off may contribute with significant amounts of phosphorus.
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2.2. Phosphorus Removal Techniques
2.2.1. Chemical Addition
Phosphorus can be removed by chemical addition of metal salts or lime. Metal 
salts of iron and aluminum, such as sodium aluminate, aluminum sulfate (alum), ferric 
chloride and ferrous sulfate, react with phosphate to form insoluble precipitates when 
added to wastewater. The amount of metal salts to be added to a specific wastewater is 
determined by the concentration of phosphate in the water and the effluent requirements. 
Lime addition is basically a softening process and the amount of lime added is dependent 
on the alkalinity rather than on the phosphorus concentration. Chemicals are usually 
added after primary or secondary clarification and in some cases simultaneously. 
Chemical addition processes produce a significant amount of additional sludge. Tables
2.1 and 2.2 summarize the advantages and disadvantages of addition of metal salts and 
lime for phosphorus removal.
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Table 2.1. Advantages and Disadvantages o f Metal Salt Addition for Phosphorus
Removal.
Advantages Disadvantages
Reliable well documented phosphorus 
removal technique. Most popular 
process in the United States.
Chemical costs higher than for 
biological phosphorus removal
systems which require little or no salt 
addition.
2. Chemical costs can be reduced 2. Significantly more sludge produced
3.
substantially if waste pickle liquors 
(ferrous chloride or ferrous sulfate) are 
available and can be used.
Chemical
basically
phosphorus
wastewater
levels.
usage requirement is 
dependent on total
concentration of
and required effluent
3.
than with wastewater treatment 
process without metal addition; may 
overload existing sludge handling 
equipment; higher sludge treatment 
and disposal costs.
Sludge produced generally does not 
dewater as easily as conventional 
wastewater treatment plant sludges 
where metal salts are not added.
4. Controls required for phosphorus 
removal are fairly simple and 
straightforward.
5. Relatively easy and inexpensive to 
install at existing facilities.
6 . Sludge produced may be processed in 
same manner as in non-phosphorus 
removal systems.
7. Primary clarifier metal addition can 
reduce organic load to secondary unit 
by 25-35%.
8. Effluent phosphorus levels can be 
controlled by metal salt dosages to 
maximum efficiency levels.
(Source: Bowker and Stensel, 1990)
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Table 2.2. Advantages and Disadvantages o f Lime Addition for Phosphorus Removal.
_____________Advantages_________________________Disadvantages___________
1. Simple process control, as lime dosage 1. High chemical costs for wastewater 
is paced by pH control. Lime dosage facilities with hard (high alkalinity) 
required does not vary with waters.
phosphorus concentrations, only 
alkalinity of wastewater.
2. Very high phosphorus removals 2. More sludge produced than for any
achievable with high lime process. other phosphorus removal process.
3. Many heavy metals, such as chrome, 3. Equipment requirements and
nickel, etc., are effectively removed. maintenance costs for lime storage.
feeding, and handling equipment are 
extremely high.
4. Primary lime addition reduces organic 4. High capital and operating costs, not 
load to biological treatment units. widely used in the United States
today.
5. Additional recarbonation step required 
for high lime processes.
(Source: Bowker and Stensel, 1990)
2.2.2. Biological Phosphorus Removal
Biological removal of phosphorus can be achieved by submitting the wastewater 
through anaerobic tanks followed by aerobic tanks, with continuous sludge recycling. 
There are several reactor types, which are described later in this chapter. Table 2.3 
summarizes the advantages and disadvantages of biological removal of phosphorus.
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Table 2.3. Advantages and Disadvantages of Biological Phosphorus Removal.
Advantages Disadvantages
1. Sludge quantities generated by 1. Phosphorus removal performance is
biological phosphorus removal 
processes are comparable to sludge 
production from conventional activated 
sludge systems.
Can be implemented directly at existing 
plug-flow activated sludge plants with 
little or no equipment changes or 
additions, provided that the plant has 
sufficient capacity.
usually controlled by the BOD:TP 
ratio of the wastewater.
2. Requires highly efficient secondary 
clarifier performance to achieve 
Img/L total phosphorus (because 
secondary sludge contains stored 
poly-phosphate).
3. Can utilize existing sludge handling 3. Not easily retrofitted into fixed 
equipment for plants retrofitted with biological systems.
biological phosphorus removal process 
if phosphorus is not solubilized and 
returned to the plant during sludge 
handling.
4. Little or no chemicals or chemical 4. Potential for phosphorus release in 
handling equipment required, except sludge handling system. Recycle 
for effluent polishing. streams must be low in phosphorus
content.
5. Phosphorus removal can be 
accomplished together with ammonia 
nitrogen or total nitrogen removal at 
virtually no additional operating cost 
with some of the processes.
6. For some of the processes, better 
control of filamentous organisms in the 
activated sludge system is possible.
S. Standby chemical feed equipment 
may be necessary in case of loss of 
biological phosphorus removal 
efficiency.
(Source: Bowker and Stensel, 1990)
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2.3. History of EBPR
During the late 1950s to early 1960s, it was reported that activated sludge could 
take up phosphorus at a level beyond its normal microbial growth requirements after 
vigorous aeration in both conventional activated sludge plants and laboratory studies 
(Greenburg et a i, 1955, Srinath, 1959, Levin and Shapiro, 1965). Levin and Shapiro 
(1965) termed the high removal of phosphorus by microorganisms “luxury uptake".
During that time, there was controversy as to whether excess phosphorus removal 
was due to biological mechanisms or chemical precipitation. Menar and Jenkins (1969), 
in an attempt to provide a rational chemical precipitation explanation, hypothesized that 
the high pH, as a result of aeration rates and carbon dioxide stripping at the end of the 
basins, encouraged the formation of calcium hydroxyapatite precipitate.
In the late I960’s to early 1970’s, high phosphorus removal levels were reported 
to occur at various activated sludge plants in the United States (Vacker, D. ei a i, 1967, 
Bargman, R.D. et a i, 1970, Milbury, W. F. et al., 1971). All of these plants used the 
plug-flow configuration and applied diffused aeration. The following characteristics 
were judged to play an important role in all or some of the plants to maximize 
phosphorus removal (Bowker and Stensel, 1990):
1. Concentrations of dissolved oxygen (DO) were 2.0mg/L or greater from the 
middle to the end of the plug-flow aeration basins.
2. The recycle of phosphorus to the activated sludge system via sludge 
handling streams was prevented.
3. Aerobic conditions were maintained in the secondary clarifiers to prevent 
the release of phosphorus to the effluent.
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Phosphorus release by the mixed liquor and an increase in soluble phosphorus 
concentrations were observed in the inlet of the activated sludge tanks of some plants. 
Barnard (1974) was the first to observe that enhanced P removal relied on submitting the 
activated sludge through an anaerobic stage prior to aeration.
Fuhs and Chen (1975) studies also suggested a biological mechanism for 
phosphorus removal after strains of Acinetobacter from EBPR systems were proved 
being capable of accumulating PP and polyhydroxybutyrate (PHB). In the last 25 years, 
much has been investigated regarding the role of microbial storage products (PP. 
glycogen, PHAs, etc.) which led to the development of several EBPR metabolic models 
(Comeau et a i, 1987, Mino et a i, 1987, Wentzel et a i, 1988, Smolders et al., 1994).
There remains some ambiguity in the literature, however, whether chemical 
precipitation might occur simultaneously with EBPR (Schuler, 1998). Wedi and 
Wilderer (1994) observed that little phosphorus was released in the anaerobic zone of a 
Phoredox plant exhibiting high removal of phosphorus. They suggested that the 
removed soluble phosphorus might have been chemically bound in the sludge. Roske 
and Schonbom (1994) emphasized the importance of calcium phosphate precipitation in 
the phosphorus removal of some plants.
2.4. Important Microbial Storage Materials in EBPR
Three types of microbial storage products have been continually reported to play 
an important role in EBPR systems (Fuhs and Chen, 1975, Comeau et al., 1985, Wentzel 
et al., 1986, Mino et a i, 1987, Smolders et al., 1994):
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• Poly-phosphate (PP)
• Polyhydroxyalkanoate (PHA)
• Glycogen
PP is a linear polymer of orthophosphate molecules joined by phosphoanhydride 
bonds (Schuler, 1998). PP has the empirical formula PnOsn+iMn+i, where M is a 
monovalent cation (K3 or a divalent cation (Ca‘*, or Mg^*), or some combination of the 
two (Kulaev, 1979). Hydrolysis of these bonds releases a large amount of energy (AG*̂  
= -8.0 kcal/mol) and may be used to synthesize similar bonds in ATP (Schuler, 1998). 
PP may act as energy reservoir in bacterial cells, as a precipitator of metal ions, as a 
buffer against alkali ions, and as a regulator for stress and survival (Komberg, 1995).
PHAs are storage products unique to bacteria (Schuler 1998), and include 
polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV). Numerous bacteria 
synthesize and accumulate PHAs as carbon and energy storage materials or as a sink for 
reducing power under the condition of limiting nutrients in the presence of excess carbon 
source. When the supply of the limiting nutrient is restored, the PHA can be degraded 
by intracellular depolymerases and subsequently metabolized as a carbon and energy 
source (Lee, 1996). Approximately 300 different bacteria, including gram-positive and 
gram-negative species, have been reported to accumulate various PHAs (Steinbuchel,
1991). Microorganisms that accumulate PHA can be easily identified by staining with 
Sudan Black (Schlegel et al., 1970). The most common of the PHAs, and most studied, 
is PHB (Schuler, 1998). PHB has been reported to serve as an excellent carbon storage
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compound because it is highly reduced, and exerts negligible osmotic pressure (Dawes 
and Senior, 1973).
Glycogen is a polymer of glucose (carbohydrate), which is used as storage 
material in both bacteria and eucaryotes. The empirical formula for glycogen is 
(CôOsHioln. Microorganisms that accumulate glycogen generally do so under nutrient 
limitation (Schuler, 1998). Microorganisms accumulate glycogen for carbon storage, 
which may be utilized upon later carbon starvation (Dawes and Senior, 1973).
2.5. Metabolic Models of EBPR
At present, there are two main mechanistic/biological models describing the 
phenomenon of EBPR (Wentzel et al., 1991): the Comeau/Wentzel model (Comeau et 
al., 1985; Wentzel et al., 1986), and the Mino model (Mino et al., 1987). Both models 
recognize the following:
• EBPR processes require anaerobic/aerobic sequencing.
• Volatile fatty acids are recognized to play an important role in the anaerobic 
stage of the process.
• In setting out the models, acetate is accepted as the typical substrate in the 
anaerobic phase of the process.
The two models are individually summarized below:
2.5.1. The Comeau/Wentzel Model
The Comeau/Wentzel model assumed the genus Acinetobacter as the typical 
PAO and studied carbon and phosphorus pathways specific to this genus. Figure 2.1
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shows a diagram of the Comeau/Wentzel model. The following is a summary of the 
model considerations for anaerobic and aerobic conditions:
Outside Cell
1 Cmol HAc
(0.5 + ct) P-mol 4 -
Inside Cell
0.89 Cmol PHB ^  
▲
0.89 Cmol Acetyl-CoA 
A
1 Cmol HAc - j  ► 1 Cmol Acetyl-CoA
a  ATP % ATP
PolyP
0.11 Cmol Acetyl-CoA
TCA 0.22 mol N.\DH
0.11 Cmol CO,
Figure 2.1. Schematic Diagram for the Comeau/Wentzel Model (Source: Filipe, 1999).
Anaerobic Conditions:
1. The high extracellular acetate (HAc) concentration allows passive diffusion 
of acetate into the cell.
2. The intracellular acetate is activated to acetyl-CoA by coupled ATP 
hydrolysis. Hydrolysis of ATP releases M* (usually Mg'"  ̂ or K"), and the 
anion H2PO4'.
3. The cations are released to the bulk solution via a proton mediated antiport 
protein carrier, and the phosphorus is released via a hydroxyl mediated 
antiport protein carrier.
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4. The ATP is regenerated from ADP by transfer of an energy-rich phosphoryl 
group from PP to the ADP. Originally this transfer was proposed to be direct, 
catalyzed by the enzyme ATP:PP phosphotransferase according to the 
following reaction;
(PP)n + ADP ^  (PP)n-l + ATP 
Which results in a decrease in the stored PP and a generation of ATP.
5. Two acetyl-CoA condense to form acetoacetyl-CoA.
6. Acetoacetyl-CoA is reduced by NAD(P)H: to form hydroxybutyryl-CoA, 
which then is polymerized to form PHB.
7. To supply the reducing equivalents NAD(P)H: needed to convert acetoacetyl- 
CoA to hydroxybutyryl-CoA, some acetate is metabolized via the 
tricarboxylic (TCA) cycle.
8. Conversion of intracellular acetate to PHB maintains a favorable 
concentration gradient for further diffusion of acetate into the cell.
Aerobic Conditions:
1. PHB is broken down and can be used for either anabolic or catabolic 
metabolism.
2. In anabolism carbon skeletons generated from PHB are incorporated into cell 
mass.
3. In catabolism the PHB is broken down to acetyl-CoA, which enters the TCA 
and associated glyoxylate cycles. Reducing equivalents (NADH,) generated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
in these cycles are subsequently oxidized via the electron transfer pathway; 
simultaneous oxidative phosphorylation generates ATP.
4. The ATP generated is used for cell energy requirements and resynthesis of 
PP.
5. Phosphate uptake for PP synthesis occurs via hydroxyl mediated antiport, and 
cation uptake via the proton mediated antiport.
2.5.2. The Mino Model
The Mino model was based on laboratory experiments in which changes in 
concentrations of soluble phosphorus, PHB, acetate, and PP were monitored in an EBPR 
system. Figure 2.2 shows a schematic diagram of the Mino model. The following is a 
summary of the proposed model based on their observations:
Outside Cell
1 Cmol HAc
(0.25 + a) P-mol 4 -
Inside Cell 1.33 Cmol PHB 
▲
4 —  2/6 mol NADH —
- j -  1 Cmol HAc ^  1 C m ol A cety l-C oA  -  0.33 C m ol A cety l-C oA
1/6 mol CO,
1/6 mol NADH
a  ATP % ATP + % ATP < - EM? '— ^  1/6 mol NADH
~ S ~
PolyP Vi Cmol Glycogen
Figure 2.2. Schematic Diagram for the Mino Mode! (Source: Filipe, 1999).
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Anaerobic Conditions;
1. Acetate is taken up by PAOs.
2. Intracellular acetate is activated to acetyl-CoA by coupled hydrolysis of 
ATP, P being released to the bulk solution.
3. The ATP requirements for the above are supplied by accumulated PP.
4. PHB is synthesized from acetyl-CoA.
5. The reducing equivalents (NADH,) required in the reduction of acetate to 
PHB under anaerobic conditions are supplied by the consumption of 
carbohydrate (glycogen) via the Embden-Meyerhof-Panas (EMP) pathway.
Aerobic Conditions:
1. PHB is broken down and used for anabolism, catabolism, and synthesis of 
carbohydrate.
2. In anabolism, PHB is used as carbon source for cell synthesis.
3. In catabolism, PHB is consumed for oxidative phosphorylation (ATP 
generation).
4. The ATP generated is used for cell energy requirements and to resynthesize 
PP.
5. PHB is also used for carbohydrate synthesis under aerobic conditions. This 
process is essential to maintain the required level of carbohydrate for the 
consumption during the subsequent anaerobic phase.
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2.5.3. Discussion o f the Models
Table 2.4 summarizes reported observations that are in agreement with both 
models. As already mentioned in the previous section, the Comeau/Wentzel model was 
based on observations of the metabolism of the genus Acinetobacter. At the time the 
Comeau/Wentzel model was proposed, it had been extensively reported that 
Acinetobacter plays an important role in EPR systems. However, more recent studies 
suggest otherwise. Auling et a/. (1991) unsuccessfully attempted to detect Acinetobacter 
spp. in the sludge from an EBPR plant, using a specific biomarker. They concluded that 
organisms other than Acinetobacter spp. must be responsible for EBPR. A study by 
Bonting et al. (1992) estimated the population oî Acinetobacter spp. in a laboratory SBR 
system to be less than 2%. Other microorganisms have been reported to play an 
important role in EBPR systems. These organisms include Pseudomonas (Brodisch and 
Joyner, 1983; Randall et al., 1994), Xanthobacter, and Moraxella (Streichan et ai, 
1990).
The Comeau/Wentzel model is in agreement with most of the observations on 
EBPR studies. However, it cannot explain a decrease in intracellular carbohydrates 
followed by an increase in intracellular carbohydrates (glycogen), as the wastewater goes 
from the anaerobic to the aerobic zones, respectively. The Mino model does explain the 
changes in intracellular carbohydrates.
Smolders et al. (1994a) measured PHA accumulation and CO, release during 
acetate uptake and found that the Mino model was able to accurately describe their 
experimental observations. Smolders et al. (1994a,b) developed a model that also 
included glycogen. This model demonstrated that the energy required for acetate
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transport was strongly affected by the pH of the medium. If the pH is very low, the 
energy requirement for acetate transport will be close to zero.
Table 2.4. Summary of Reported Observations in Agreement with Metabolic Models 
for EBPR Systems.
Zone Reported Observations in Agreement with the Comeau/Wentzel and the Mino Models
Anaerobic • Uptake of acetate by PAOs.
• Fermentation of readily biodegradable organic matter 
heterotrophic bacteria which results in formation of VF As.
by
• Decrease in intracellular PP.
• Increase in phosphate concentration in the bulk solution.
# Increase in magnesium and potassium concentrations in the bulk 
solution.
# Synthesis of intracellular PHB.
Aerobic • Decrease in the phosphate concentration in the bulk solution.
# Decrease in magnesium and potassium concentrations in 
bulk solution.
the
# Decrease in intracellular PHB.
# Synthesis of intracellular PP.
2.6. Types of Reactors
Biological phosphorus removal systems utilize anaerobic zones coupled with 
aerobic zones to select for PAOs. Tliere are several layouts tor EBPR systems, five of
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which will be described in this section: the Phostrip®, the A/0™ or Phoredox process, 
the A'/O™, the UCT, and the VIP processes.
Figure 2.3 shows a simplified schematic diagram of the Phostrip® process. 
Phostrip® is the only biological phosphorus removal process that incorporates an 
anaerobic zone in the sludge recycle system (Bowker and Stensel, 1990). The Phostrip 
process takes 30 to 40% of the return activated sludge as a side-stream and subjects it to 
anaerobic conditions in a separate stripper tank before returning the sludge to the 
aeration basin. The stripper is similar in configuration to a gravity thickener and 
maintains the mixed liquor suspended solids (MLSS) in the return activated sludge 
(RAS) under anaerobic conditions in a sludge blanket with a residence time of 8 to 12 
hours (Grady et. al., 1999). The stripper is the anaerobic zone where phosphorus release 
occurs. In addition to a portion of the RAS, an external elutriant stream, such as part of 
the influent wastewater or treated effluent, is added to remove the released phosphorus. 
The stripper overflow is typically treated with lime to precipitate the phosphorus.
The term A/0 stands for anaerobic/oxic, which represent the environments 
provided in EBPR systems. In the A/0™ process (Figure 2.4), the wastewater is 
submitted to an anaerobic zone (ANA), followed by an aerobic zone (AER). The only 
return stream is the RAS that comes from the secondary clarifier and is mixed with the 
influent wastewater in the anaerobic zone. Phosphorus is finally removed from the 
wastewater by the disposal of waste activated sludge (WAS), which is rich in microbes 
containing high amounts of intracellular PP. Optimum phosphorus removal is obtained 
with a solids retention time (SRT) of 3 to 5 days (Grady et. al. 1999).
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Influent ^  
A ►
Efliuent
AER
RAS WAS
1 "
i
I -
I
JL
Overflow to i 
Treatment ANA  ̂4-
Elutriant
/
Figure 2.3. Schematic Representation of the Phostrip Process (Modified from Grady et. 
al. 1999).
Influent ^  
“A  ►
Effluent
ANA AER 
RAS WAS
Figure 2.4. Schematic Representation of the A/0™ or Phoredox Process (Modified from 
Grady, et. al. 1999).
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The A/0 process can also be used for nitrification and/or denitrification. The 
modified flow scheme incorporates an anoxic stage for denitrification between the 
anaerobic and aerobic stages and is called A'/O™ process (Figure 2.5). Mixed liquor is 
recycled fi-om the end of the nitrification stage to feed nitrate nitrogen into the anoxic 
stage for denitrification. Nitrate nitrogen removals of 40 to 70% can be accomplished 
with this process (Bowker and Stensel, 1990).
MLSS
Influent j r ^  ^  Effluent ►
ANA ANX AER
RAS___________________________  WAS ^
Figure 2.5. Schematic Representation of the A'/O™ Process.
Since nitrification occurs in systems removing both phosphorus and nitrogen, the 
RAS will contain nitrate, which can adversely affect phosphorus removal if it is added 
directly to the anaerobic zone. Therefore, it is crucial that the nitrate concentration in 
return streams to the anaerobic zones be controlled.
Two processes that eliminate nitrate recycle to the anaerobic zone are the 
University of Cape Town (UCT) and the Virginia Initiative Plant (VIP) processes. In the 
UCT process (Figure 2.6), elimination of nitrate recycle is accomplished by directing the 
RAS to the anoxic zone, where it is denitrified. Nitrified mixed liquor fi-om the aerobic
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zone (referred to as nitrified mixed liquor recirculation or NR) is also directed to the 
anoxic zone to increase the overall degree of nitrogen removal. A separate stream of 
denitrified mixed liquor from the end of the anoxic zone (referred to as anoxic mixed 
liquor recirculation or AR) is recirculated to the anaerobic zone to provide the 
microorganisms needed (Grady er. al. 1999).
—% NR
Influent ^  ..Affluent ^
I
ANA ANX AER
RAS_________________________WAS ^
Figure 2.6. Schematic Representation of the UCT Process (Modified from Grady, ei. al. 
1999).
The VIP process (Figure 2.7) consists of anaerobic, anoxic, and aerobic zones. 
Like the UCT process, RAS is directed to the anoxic zone while a denitrified AR stream 
is directed from the end of the anoxic zone to the anaerobic zone. However, several 
differences exist between the UCT and the VIP processes. In the VIP process, all zones 
consist of at least two completely mixed tanks in series, and the NR is mixed with the 
RAS for recycle to the anoxic zone. Mixing of the NR with the RAS allows 
deoxygenation of the NR by the oxygen deficient RAS before it is added to the anoxic 
zone. This improves sludge settling characteristics by reducing the oxygen loading on
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the anoxic zone and minimizing the growth of low DO filamentous bacteria (Grady ei. 
al. 1999).
AR
Influent V .
Effluent
O O 'I
ANA ANA ANX ANX AER AER NR
T  RAS WAS
Figure 2.7. Schematic Representation of the VIP Process (Modified from Grady, ei. al. 
1999).
2.7. Factors Affecting the Performance of EBPR Systems
Phosphates can only be removed from the treatment system through wasting of 
sludge. Therefore, phosphorus removal is a function of the percent P in the mixed liquor 
suspended solids (MLSS), and the operating SRT. Because growth advantage in EBPR 
systems is given to PAOs by first submitting the wastewater into the anaerobic zone, 
PAOs will grow to reach an equilibrium with the limiting factor, i.e., either phosphorus 
or COD, for nearly all municipal wastewaters (Randall et al., 1992).
Soluble phosphorus concentrations in the effluent of EBPR systems as low as 0.2 
mg/L have been reported (Deakyne et a i, 1984; Tetreault et al., 1986). However, such 
low effluent phosphorus concentrations are not achieved at all plants and for all 
operating conditions. Furthermore, even plants that have been reported to achieve very 
low effluent phosphorus concentrations, do not show the same good effluent quality
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during all times, and for this reason, in many cases chemical addition is necessary to 
meet effluent permits. Performance instability of EBPR systems is due to several 
factors, some of which will be individually discussed in this section.
2.7.1. Substrate Availability in the Influent
As mentioned earlier in the preceding sections of this thesis, VF As (particularly 
acetic acid) are the primary carbon source of PAOs in the anaerobic stage of EBPR 
systems. The acetate consumed in that stage is used to form intracellular PHB, which 
serves as energy source for phosphorus uptake in the following aerobic stage. Therefore 
availability of acetate in the influent of EBPR systems plays an important role on the 
plant’s performance.
If the amount of acetate or similar fermentation products that can be consumed in 
a biological phosphorus system were known, the quantity of phosphorus that can be 
removed could be estimated (Bowker and Stensel, 1990). However, the process 
complexity has prevented the determination of the amount of fermentation products 
(particularly VF As) produced by heterotrophic bacteria, and then consumed by PAOs. 
The VF As used by the PAOs are generated in the anaerobic zone and some may be 
present in the influent of more septic wastewaters (Bowker and Stensel, 1990). Due to 
the rapid assimilation of VF As in the anaerobic zone, it has not been possible to measure 
their production rate (Nicholls et a l, 1984).
Since the amount of fermentation products produced in the system cannot be 
measured, other indirect methods based on readily biodegradable substrate have been 
proposed in an attempt to quantify the phosphorus removal potential of a system
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(Bowker and Stensel, 1990). Siebritz et al. (1983) proposed a minimum influent 
concentration of readily degradable substrate of 2Smg/L for biological phosphorus 
removal. Hong et al. (1982) recommended an influent soluble BOD: soluble phosphorus 
ratio of at least 15:1 to produce effluent soluble phosphorus concentrations below 
Img/L. It has been recognized that more phosphorus removal is achieved for higher 
total BOD: total phosphorus ratios (Bowker and Stensel, 1990).
It is common to define the amount of carbon in the influent of wastewater 
treatment plants in terms of chemical oxygen demand (COD), biochemical oxygen 
demand (BOD), or total organic carbon (TOC). However, these parameters encompass 
many different fractions. The non-degradable fraction of COD, for example, plays no 
role in EBPR systems and for this reason only the biodegradable fraction should be 
considered. The total COD can be split into the particulate fraction, consisting of 
settleable and colloidal solids, and the soluble COD.
In fresh sewage, a small fraction of COD is soluble and an even smaller fraction 
consists of VF A. At the moment wastewater is discharged to the sewer, acid 
fermentation begins, caused by attached growth in the sewers under the liquid level, 
especially in slow flowing sewers (Randall et a i, 1992).
The utilization of primary settling can significantly reduce the ratio of organic 
matter : phosphorus thereby decreasing the amount of phosphorus that can be removed 
(Randall et al., 1992). Experience at the York River Plant near Yorktown, Virginia, 
showed that the BOD:TP ratio in raw wastewater was 22.6:1 and this ratio decreased to 
12.5:1 after primary settling. The COD:TP ratios were 41:1 and 22.4:1, respectively. 
The primary clarifier removed more organic matter than it removed phosphorus.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
Approximately 34% of the COD was removed, and only 18% of the TP was removed 
after primary settling. Therefore, primarily settling can significantly affect the amount 
of substrate available for PAOs (Bowker and Stensel, 1990).
In order to increase the amount of VF As available for PAOs, researchers have 
suggested the addition of digested primary sludge to the anaerobic zones of EBPR 
systems (Osborn et a i, 1977; Eastman et a i, 1981).
2.7.2. Nitrates in the Anaerobic Zone
Barnard (1976) was the first to notice that nitrates entering the anaerobic zones of 
EBPR systems could negatively affect the phosphorus removal capability of the system. 
He attributed this to an increase in the redox potential of the reactor and to a reduction of 
phosphorus release. More recent studies indicate that biochemical reduction of nitrates 
in the anaerobic zone consumes substrate that would otherwise be available for PAOs. 
Therefore, nitrate consumption has the effect of decreasing the influent COD/P ratio. 
The extent of the negative effect of nitrates entering the anaerobic zone varies with the 
system influent COD, and the phosphorus concentrations. The return activated sludge 
recirculation ratio is also important because it affects the amount of nitrate fed to the 
anaerobic zone (Bowker and Stensel, 1990). Nitrate feedback into the anaerobic reactor 
has to be minimized by using an appropriate process configuration (Pitman, 1991).
Hascoet et a i (1985) observed the behavior of orthophosphates under non­
aerated and aerated conditions in the presence of nitrates (40mg/L in the influent) during 
batch experiments. They concluded that not only the influent nitrate concentration, but 
also the influent COD concentration must be taken into account. During the aerobic
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stage, even in high concentrations, nitrates do not prevent good phosphorus uptake by 
PAOs.
Some studies have indicated that PAOs are also capable of denitrification (Kerm- 
Jespersen and Henze, 1993; Kuba et ai 1994; Meinhold et a i, 1999). K.uba et a i (1994) 
obtained a denitrifying phosphorus removing bacteria (DPB) culture in an anaerobic- 
aerobic sequencing batch reactor and studied the effects of simultaneous presence of 
substrate (acetate) and nitrate on phosphorus release. Kuba et a i (1994) noticed that the 
metabolism of DPB in the simultaneous presence of acetate and nitrate appears to behave 
according to the following equations:
1) Acetate (HAc) uptake and storage as PHB.
(a, is the required ATP for the uptake of HAc):
r,
CHiO + (0.5 + a ,)  ATP + 0.25NADH, CH, 5O0 5 + O.5H2O 
[HAc] [PHB]
2) TCA cycle
(FADH; is oxidized by nitrate, and it is assumed that 1 mol ATP is produced 
from the oxidative phosphorylation of 1 mol FADH,):
CH,0 + H2O ^  CO, + 1.5NADH: + O.SFADHj + 0.5 ATP
3) Oxidative phosphorylation 
(it is assumed that ôn = 1.0):
O.4HNO3 + NADH2 ^  0.2 NO2 + 1 2H2O + 0„ATP
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4) Poly-P degradation for energy (ATP) production: 
u
HPO3 + H2O -> ATP + H3PO4 
[poly-P] [Pi]
Kuba et al. (1994), based on the above reactions, stated that approximately 80% 
HAc is utilized for PHB production and phosphorus release, and another 20% is utilized 
directly for denitrification. Approximately 65% of the NADH, produced through the 
TCA cycle is utilized as the reducing power for the PHB formation, and another 35% is 
oxidized by nitrate to get ATP. Approximately 40% ATP for PHB formation is obtained 
through the TCA cycle, 20 % is obtained from the oxidative phosphorylation of N.ADH,. 
and 40% is obtained from the poly-P degradation. Kuba et al. ( 1994) concluded that 
DPB have a metabolism according to the Mino model. In addition, they stated that 
nitrate does not block phosphorus release, but HAc uptake increases and P/C ratio 
decreases. The reduction of phosphorus release by nitrate was attributed to HAc 
utilization for the ATP formation in the TCA cycle and the oxidation of NADH,/FADH, 
with nitrate.
2.7.3. DO Concentrations and GRP
Anaerobic conditions are required in EBPR systems in order to select for PAOs. 
In the anaerobic zones, PAOs are able to take up VF As and store PHAs. Since the 
amount of dissolved oxygen significantly affects the fermentation process in the 
anaerobic zones, lower DO concentrations in such zones optimize the production of 
VF As. The reactions in the aerobic zone also determine the phosphorus removal in the 
system. There must be sufficient DO for the PAOs to completely metabolize the stored
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organics. There should also be enough DO in the bioreactor effluent to prevent 
phosphorus release in the secondary clarifier, but the amount contained in the return 
activated sludge (RAS) should be near zero (Randall et a i, 1992). DO concentrations 
ranging from 0.7mg/L at the influent end of the aerobic zone to 3.0mg/L at the effluent 
end appear to be satisfactory for high rate, plug-flow systems (Barnard, 1984).
Another parameter that indicates anaerobic conditions is the oxidation-reduction 
potential (ORP). Lower ORP values are indicative of a reducing environment in which 
fermentation occurs. However, there has been disagreement as to whether phosphorus 
release is caused either directly by low DO concentrations or by lowered ORP at zero 
DO (Schon et a i, 1993). Experience with high internal recycle rate systems has shown 
that performance is determined by the mass of oxygen transferred rather than the 
concentration maintained, and it may be necessary to maintain the DO concentration 
below 0.3mg/L to prevent recycle of excessive oxygen (Sen et a i, 1990a). When this is 
the case, redox monitoring should be used instead of DO monitoring for aeration control 
purposes (Sen et a i, 1990b).
Although the biological phosphorus removal mechanism suggests that the DO 
concentration may affect the rate of phosphorus uptake, few studies have addressed the 
importance of DO concentrations in the aerobic zones. The EBPR mechanism teaches 
that the oxidation of stored carbonaceous materials produces energy for the incorporation 
of soluble phosphorus into cellular polyphosphate compounds (Bowber and Stensel, 
1990). Fukase et a i (1982) showed that the aerobic detention times required for 
maximum phosphorus uptake were I to 2 hours.
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The contact of the return activated sludge (RAS) with VFA-containing influent 
seems to change the behavior of the organisms in terms of storage of food in the cells. 
This changes the oxygen utilization rate (OUR) patterns in the aeration basin (Van 
Huyssteen et a i, 1988) which may require careful pilot studies to ensure that the oxygen 
supply along the aeration basin matches the requirements, and that deficits are not 
experienced in full-scale plants (Randall et al., 1992).
Brdjanovic et al. (1998) investigated the impact of excessive aeration on 
biological phosphorus removal in a sequencing batch reactor. They hypothesized that 
the cause of EBPR efficiency deterioration after heavy rainfall or weekends was due to 
inadequate control of the aeration system, instead of low plant loading, as has been 
previously reported. They state that the main reason for the deterioration EBPR systems 
under low COD loading regime is excessive aeration of activated sludge. Excessive 
aeration might lead to changes in internal microbial storage pools, especially PHB. That 
way, PHB could become partially or completely depleted. As the phosphate uptake rate 
is kinetically controlled by the fraction of PHB in the biomass, this depletion in PHB 
will lead to a lower phosphate uptake rate. After restoration of normal loading 
conditions, phosphorus release is not affected, but phosphorus uptake is comparatively 
slower, resulting in deterioration of EBPR (Brdjanovic et al., 1998).
Brdjanovic et al. (1998) also noticed that simultaneous presence of acetate and 
oxygen results in phosphate release. Similar observations were made by Kuba et al. 
(1994) for the simultaneous presence of substrate and nitrate. This means that, if under 
certain conditions, substrate becomes available in the aerobic zone, the phosphorus
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uptake will decrease, affecting the system efficiency. This situation may probably occur 
during excessive rainfall or weekend conditions (Brdjanovic ei al.. 1998).
Pattarkine (1991) state that phosphorus removal in the aerobic zone does not 
begin until all of the VF As have been removed from solution. Therefore, if the VF.As 
are not completely assimilated in the anaerobic zone, the size of the aerobic zone should 
be enlarged in order to ensure completeness of the phosphorus removal reaction after 
soluble substrate removal (Randall et al., 1992).
2.7.4. Secondary Clarifier Performance
The performance of secondary clarifiers can negatively affect the efficiency of 
phosphorus removal in two ways:
• High concentration of suspended solids in the clarifier effluent results in high 
effluent total phosphorus concentrations.
• Phosphorus release might occur when sludge detention times in secondary 
clarifiers are long. This may increase the amount of dissolved phosphorus 
concentrations in the effluent (Csiti, 1991).
Phosphorus release in the presence of exogenous COD has been well 
documented. In contrast, secondary phosphorus release (release in the absence of any 
exogenous carbon input), has few bibliographical references, and still remains somewhat 
obscure. (Schonberger, 1990). Secondary release can occur in the secondary clarifier or 
in the anaerobic zone with a low input of raw wastewater, or with very long retention 
times, as is often the case overnight (Woulters-Wasiak et a i, 1996). Schonberger (1990)
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suggested the sludge detention time in secondary clarifiers not to exceed 1 hour in order 
to prevent phosphorus release.
The secondary effluent suspended solids and phosphorus content of those solids 
are very important considerations regarding the plant performance. Phosphorus contents 
in MLSS on a dry solids basis of 2.3 to 5.8 percent have been reported (Tetreault et ai. 
1986). Many of the nutrient removal facilities have required final filtration to meet very 
low effluent suspended solids and BOD limits as well as nutrient requirements. In other 
cases, filtration may not be required. This consideration may be evaluated using Figure
2.8. An effluent total phosphorus concentration requirement of 1 .Omg/L is assumed. If 
the effluent soluble phosphorus concentration is 0.5mg/L and phosphorus content of the 
MLSS is 5%, the effluent TSS concentration has to be 1 Omg/L or less to meet the 
1.Omg/L total phosphorus limit. Thus, unless excellent secondary clarifier performance 
is achieved or the effluent soluble phosphorus concentration is very low, a polishing 
treatment (filtration or chemical addition) would be required to meet an eflluent total 
phosphorus level of 1 .Omg/L (Bowker and Stensel, 1990).
Secondary clarifiers are designed based on both hydraulic loading and mass 
solids loading. Metal salt addition to secondary clarifiers will increase mass solids 
loading and could reduce the settling characteristics of the secondary sludge. Polymer 
addition to the secondary clarifiers should be provided to aid capture of 
metal/phosphorus particulates that are not enmeshed in the biological floe. The metal 
salt will increase the nonvolatile solids concentration to maintain the same mass of active 
microorganisms in the aeration basins. Consequently, overall plant organic treatment 
capacity may be negatively affected by addition of these salts. The increase in sludge
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mass and volume will require larger capacity from primary, return and waste activated 
sludge pumps (Sedlak, 1991).
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Figure 2.8. Maximum Effluent Soluble Phosphorus Concentration for Effluent Total-P < 
Img/L (Modified from Bowker and Stensel, 1990).
2.7.5. Phosphorus Leaching from Waste Sludges
In contrast to conventional activated sludge plants, the phosphorus content of the 
activated sludge solids from the biological phosphorus removal process reaches values of 
up to 7%. During sludge treatment a major part of the stored phosphorus can be released 
into the liquid phase (under anaerobic conditions) and recycled back with the process 
water to the plant inlet. Usually these waters, which amount to 1 to 5% of the 
wastewater inflow, are recycled back in concentrated form to the plant inlet during a few 
hours per day. The additional phosphorus load can lead to an increase of the phosphorus
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effluent concentration and possibly can exceed the effluent limits (Popel and Jardin, 
1993). Sludge handling is considered one of the major problems connected with 
biological phosphorus removal (Fujimoto et al., 1991). Therefore, phosphorus in the 
return water from sludge treatment processes must be carefully controlled and reduced.
Sludge liquors can contain considerable quantities of phosphorus in solution and 
fine colloidal suspension. Murakami et al. (1987) showed that about 60% of the 
phosphorus removed in the biological removal process were released during anaerobic 
digestion of the sludges.
Letter (1989) reported that the efficiency of solids capture in dissolved air 
flotation units and dewatering equipment was important, as phosphorus-rich activated 
sludge solids readily released phosphate under anaerobic conditions. The greater the 
suspended solids content of the liquid phase, the greater the potential for phosphate 
release. The degree of release from a fixed amount of solids is dependent on the 
anaerobic storage time.
Aeration of waste activated sludge can increase the degree of phosphate binding 
to the solid phase so that its release under anaerobic conditions, as would occur during 
thickening and dewatering, is inhibited and delayed. Co-aeration of raw primary sludge 
with nutrient removal activated sludge causes the virtual complete removal of phosphate 
from the liquid phase, thus providing an easy way of removing phosphates without 
chemical addition. Such aeration also reduces the odor potential of the primary sludge 
(Pitman et al., 1991).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
2.7.6. Presence of Cations (Ca‘*, Mg'"", and K i
It has been shown in numerous studies that magnesium and potassium are 
released and taken up together with phosphate under anaerobic and aerobic conditions, 
respectively (Comeau et a i, 1987; Wentzel et a i, 1989; Pattarkine, 1991). These cations 
and possibly small amounts of calcium, function as counterions in the intracellular 
polyphosphate granules (Carlsson et a i, 1997).
Results reported by Pattarkine (1991) showed that magnesium and potassium are 
both essential for EBPR. The minimum amounts required for each mole of phosphorus 
removed are 0.25 moles of magnesium and 0.23 moles of potassium. Fortunately, these 
requirements are considerably lower than the usual concentrations of these two cations in 
most wastewaters, and they are seldom limiting (Randall et a i, 1992). Linear correlation 
analysis of data on phosphorus and metals release in the anaerobic zones and phosphorus 
and metals uptake in the aerobic zones from laboratory-scale EBPR systems yielded R‘ 
values as high as 0.99. However, one full-scale experiment (Carlsson et al, 1997) 
yielded poor correlation between phosphorus and metals (Mg‘  ̂and K )̂.
Potassium stimulates enzyme reactions associated with synthesis of cell 
materials. The importance of potassium for microorganisms responsible for biological 
phosphorus removal (EBPR systems) is very significant (Brdjanovic et al, 1996). 
Potassium defines cell membrane permeability and plays an important role in the 
phosphate transport between the cell and the solution. Magnesium and potassium are 
believed to be the main counter ions in enhanced biological phosphorus removal (EBPR) 
systems for the maintenance of cell equilibrium.
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Potassium and magnesium are not parameters that are continuously measured in 
wastewater treatment plants, and for this reason, information on concentration ranges of 
these metals in domestic wastewater is limited.
There is increasing evidence showing that precipitation of phosphate occurs 
simultaneously with the biological phosphorus removal with cations in the raw 
wastewater, in particular calcium, iron, and magnesium (Arvin, 1984; Arvin et ai, 
1985). During the anaerobic phase, phosphate, together with potassium and magnesium, 
is released from the biomass to the bulk liquid. If the phosphate concentration rises 
above a certain level (the precipitation limit), depending on the calcium concentration, 
precipitation will occur. As the dissolved phosphate concentration decreases during 
aeration, due to EBPR activity, it may fall below the precipitation limit. If the phosphate 
concentration becomes sufficiently low, redissolution may occur, which makes further 
phosphate uptake by microorganisms possible (Carlsson et a i, 1997). For several of the 
different calcium phosphates the thermodynamic saturation level of phosphorus depends 
strongly on the pH (Stumm and Morgan, 1981).
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CHAPTERS
MATERIALS AND METHODS
3.1. Description of the CCSD Wastewater Treatment Plant
The CCSD Wastewater Treatment Plant is located at the eastern end of Flamingo 
Road, adjacent to the Las Vegas Wash (Figure 3.1), into which the treated effluent 
wastewater is discharged. The plant has been in existence since 1954, and it is one of 
three wastewater treatment plants in the Las Vegas Valley.
The CCSD Plant serves over 90 square miles of the Las Vegas Valley, 
comprising almost half of the citizens and a major share of schools, businesses and hotel- 
casinos. Approximately 85 million gallons of wastewater are collected and processed 
(removing BOD, ammonia, and phosphorus) daily at the CCSD plant, using physical, 
chemical, and biological treatment systems. Part of the treated effluent is reused for 
irrigation on golf courses and parks. More than 300 tons of biosolids are processed daily 
for disposal at landfill sites (Fact sheet from CCSD).
The plant has eight identical aeration basins, each compartmentalized into 
anoxic/anaerobic/aerobic sections, with accompanying secondary clarifiers. One aeration 
basin/clarifier set (referred herein as #4) was selected for characterization of the EBPR 
process. Figure 3.2 shows a diagram of the CCSD wastewater treatment system.
38
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The raw wastewater initially passes through the bar screens for remo\ al of course 
materials and is then sent to the grit removal basins. After passing through the grit 
removal basins, ferric chloride (FeCh) is added and the wastewater is transferred to the 
primary clarifiers (Figure 3.3). Ferric chloride is added to the primaries to improve 
settling; in the process, suspended solids, BOD, and phosphorus (approximately 30% of 
the influent) are removed. Next, Archimedes screw-pumps are used to lift the 
wastewater from the primary clarifiers to the basins, into which EBPR takes place.
Figure 3.3. One of the Primary Clarifiers at CCSD Plant.
At the anaerobic basins (Figure 3.4), mechanical mixers are used, preventing the 
solids fi'om settling, without causing excessive turbulence that would instigate oxygen 
transfer to the liquor. The anaerobic tank is divided into four compartments by baffles 
(herein referred to as Al, A2, A3, and A4). Air diffusion through ceramic plates is
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applied in the aeration basins (Figure 3.5) to ensure both wastewater aeration and proper 
mixing. The aerated mixed liquor flows to the secondary clarifiers (Figure 3.6). The 
overflow from those units is pumped to the Advanced Wastewater Treatment (AWT) 
plant for final filtration, disinfection, and discharge (Figure 3.7). Part of the secondary 
sludge is returned to the anaerobic basins (RAS) and the remaining (WAS) undergoes 
dewatering processes at the sludge handling system before final discharge.
Figure 3.4. Anaerobic Basins for Phosphorus Removal at the CCSD Plant.
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Figure 3.5. Aerobic Basin at the CCSD Plant.
Figure 3.6. Secondary Clarifier at the CCSD Plant.
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Figure 3.7. Discharge Channel from the AWT Plant into the Las Vegas Wash.
Settled sludge from the primary clarifiers is partially dewatered at the gravity 
thickener tanks (Figure 3.8). Waste activated sludge (from the secondary clarifiers) is 
thickened in the dissolved air flotation tanks (DAFT). The liquor from the bottom of the 
DAFT (with low solids content) is returned to the EBPR system (at CAB I), and the 
supernatant (thickened secondary sludge) is sent to the sludge holding tank, into which 
both the thickened primary and secondary sludges are mixed before ferric chloride 
addition in the conditioning tank. After the conditioning tank, cationic polymer is added 
and the sludge is dewatered at the filter presses. The filtrate from the filter presses is 
returned to the EBPR system (at CABI), and the dewatered sludge is finally disposed in 
the APEX landfill.
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Figure 3.8. Gravity Thickener Tank at the CCSD Plant.
Dimensions of the basins and secondary clarifiers, including their volume and 
hydraulic retention times, are given in Table 3.1.
Table 3.1. Dimensions and Design Hydraulic Retention Times (HRT) for the 
CCSD Basins.
Treatment Unit HRT (hrs.) Volume(MG)
Anaerobic Basin 1.06 0.49
(16.5 min./compartment)
Aeration Basin 4.20 1.91
Secondary Clarifier 3.54 1.61
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3.2. Samples Collection and Materials
3.2.1. Anaerobic and Aerobic Basins Study
The configuration of the basins at CCSD, including that of basin #4, is similar to 
an A'/O^", consisting of four anaerobic cells that are connected in series to form a quasi­
plug flow channel, followed by the aerobic zone.
Grab samples were collected twice per week for a 10-month period within basin 
#4 at four locations in the anoxic/anaerobic tanks, two locations in the aerobic zone, and 
one location in the secondary clarifier (Figure 3.9). Samples from the primary effluent 
(CABI) and from the return activated sludge (RAS) were also collected during the same 
period. One set of samples was vacuum filtered through a 1.2pm fiberglass filter 
(Whatman GF/C, Cat. # 1822 047) immediately after collection, placed on ice, and 
transported to the laboratory for analyses of nitrate (NO)"), ortho-phosphate (OP), total- 
phosphorus (TP), soluble COD, biochemical oxygen demand (BOD), ammonia (NH4*), 
and alkalinity. A second set of samples was filtered through a 0.45pm membrane filter 
(Gelman GN-6 , Cat. U 66278), placed on ice, and brought to the laboratory to be 
analyzed for acetic acid (HAc), calcium (Ca^^, magnesium (Mg'" )̂, and potassium (K*). 
In addition, a third set of samples (unfiltered) was collected and analyzed for total 
suspended solids (TSS), TP, intracellular PHB, and intracellular glycogen.
At each sampling location of basin #4, oxidation-reduction potential (ORP), pH, 
temperature, conductivity, and dissolved oxygen (DO) were measured using a Hydrolab 
H20-G probe equipped with a silver-silver-chloride (Ag-AgCl) electrode. The probe 
was calibrated weekly as per manufacturer instructions.
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Figure 3.9. Diagram of the EBPR System at CCSD with Sampling Locations. RAS: 
Return Activated Sludge; CABI: Central Aeration Basin Influent; 
Anaerobic Zones; Al, A2, A3, and A4; ABI: Aeration Basin Influent; 
ABE: Aeration Basin Effluent; CLRO: Clarifier Outer.
3.2.2. Sludge Handling Study
For the characterization of the sludge handling system of CCSD, samples of 
thickened primary sludge, secondary sludge, supernatant and bottom liquor from the 
DAFT, combined sludge from the sludge holding and conditioning tanks, filtrate, and 
dewatered sludge (“cake”) were collected and analyzed for OP, TP, soluble COD, and 
solids content. Samples used for analysis of OP and soluble COD were filtered through a
0.45 pm membrane filter immediately after collection.
Laboratory experiments were carried out to evaluate the potential of phosphorus 
release when primary and secondary sludges are mixed, and to assess the efficiency of
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aeration in minimizing phosphorus release. Primary and secondary sludges were mixed 
in the laboratory using a 1.5:1 ratio (by volume), which is the approximate ratio used at 
CCSD. Three-L glass reactors, covered with a plexiglass plate and equipped with a 
mechanical mixer were used (Figure 3.10) in the experiments. For the sludge aeration 
study, compressed air was diffused into the sludge through a perforated round tubing 
(Figures 3.11 and 3.12). In the laboratory, samples of the combined sludges (Mix.), as 
well as samples of thickened primary (Th. Pr.) and secondary sludges (Th. WAS), were 
collected periodically and analyzed for OP after filtration through a 0.45 pm membrane 
filter. In addition, total-phosphorus (TP) and solids content of primary and secondary 
sludge were determined in order to evaluate the phosphorus content of the sludges and 
the mixture.
Mechanical 
\  Mixer
Plexiglass
Cover
Glass
Reactor
Figure 3.10. Schematic Drawing of the Reactor Equipped with a Mechanical Mixer 
Used in the Sludge Experiment.
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Figure 3.11. Reactors for the Phosphorus Leaching Experiment (Non-Aerated and 
Aerated Reactors).
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Figure 3.12. Schematic Drawing of the Aerated Reactor Used in the Sludge Experiment.
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3.3. Analytical Methods
Sample analyses were performed by both the Advanced Water Treatment (AWT) 
laboratory and the UNLV Environmental Engineering Laboratory. Tables 3.2 and 3.3 
show the analyses performed by each laboratory, including the methods and equipment 
used.
Table 3.2. Analyses Performed by UNLV, Methods and Equipment Used.
Parameter
Analyzed Laboratory Method Used Equipment Used
DO in-siiu — Hydrolab H20 Probe
Temperature in-situ ----- Hydrolab H20 Probe
pH in-situ ----- Hydrolab H20 Probe
ORP in-situ ----- Hydrolab H20 Probe
Conductivity in-situ ----- Hydrolab H20 Probe
TSS UNLV lab. STDM_19 2540 D Vacuum Pump, oven, 
and balance
Soluble COD UNLV lab. HACK kit (low range vials) Spectrophotometer
Ca-* UNLV lab. Atomic Absorption 
Spectrometry
Perkin Elmer Analyst 
1000
Mg-^ UNLV lab. Atomic Absorption 
Spectrometry
Perkin Elmer Analyst 
1000
K" UNLV lab. Atomic Absorption 
Spectrometry
Perkin Elmer Analyst 
1000
PHB UNLV lab. Enzymatic Method Spectrophotometer
Glycogen UNLV lab. Enzymatic Method Spectrophotometer
Acetic Acid UNLV lab. Enzymatic Method Spectrophotometer
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Table 3.3. .Analyses Performed by the AWT Laboratory, Methods and Equipment Used.
Parameter
Analyzed Laboratory Method Used Equipment Used
TP AWT lab. STD_18 4500-PB 5F ALPKEM FS3000 flow 
injection analyzer
OP AWT lab. STD_18 4500-P F ALPKEM FS3000 flow 
injection analyzer
NO3 AWT lab. STDM_18 45OO-NO3 H BRAN LUBBE/Technicon 
TRAACS 800 flow analyzer
NH3 AWT lab. STDM_18 45OO-NH3 H BRAN LUBBE/Technicon 
TRAACS 800 flow analyzer
Alkalinity AWT lab. STDM_18 2320B Mettler DL21 titrator
BOD AWT lab. STDM_18 521 OB YSl 5905 BOD probe
3.3.1. Intracellular Polyhydroxybutyrate (PHB) Measurements
Unfiltered samples were collected and digested using the propanolic method 
proposed by Hesselmann et al. (1999) and described below. Samples were analyzed 
immediately after digestion,
a) Reagents and Solutions
al) H2SO4 50% (by volume)
Slowly add 50 mL H2SO4 concentrated to a 100-mL volumetric flask 
containing approximately 35 mL DI water. Complete with D1 water to the 
mark.
a2) Solution 4:1 (propanol: H 2S O 4, by volume)
Add 80 mL propanol to an Erlenmeyer flask. Slowly add 20 mL H2SO4 cone, 
while mixing with a magnetic stirring bar.
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a3) KOH-IOM
Weight 140.275 g KOH and slowly transfer to a 250-mL volumetric flask 
containing approximately 150 mL DI water, while mixing with a magnetic 
stirring bar. Complete to the mark with DI water. 
a4) Tris-HCL 4M (aminomethane hydrochloride), pH corrected to 7.8
Weight 63.04 g Tris-HCl and transfer to a 100-mL volumetric flask 
containing approximately 20 mL DI water. Add KOH lOM solution until 
dissolution is complete. Bring the volume to the mark with DI water.
b) Instrumentation Needed
bl) Centrifuge
b2) COD reactor (HACH) or a water bath with temperature control (90°C) 
b3) 10-mL glass tubes, with plastic screw caps.
c) Procedure
cl) Place lOmL of sample into a screw cap test tube containing 80qL of 50% 
H2SO4 (by volume). 
c2) Centrifuge sample for 10 minutes at 4000 rpm. 
c3) Remove 9.5 mL supernatant using a glass pipette. 
c4) Add 1 mL of a solution 4:1 (propanol:H2S04 , by volume). 
c5) Heat closed tube for 60 minutes at 90°C, using a COD reactor or a water bath 
with temperature control. 
c6) Add 8.5 mL of DI water and mix to obtain a diluted digest. 
c7) Mix I mL of the diluted digest with 80pL 10 M potassium hydroxide (KOH) 
and store for 10 minutes at room temneramre.
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c8) Add lOOpL Tris-HCl (4 M, pH corrected to 7.8) for neutralization. 
c9) Centrifuge neutralized sample for 2 minutes at 21000 x g. 
clO) Use supernatant for analysis.
The supernatant from digested samples was analyzed for PHB using a 
commercial kit (colorimetric method) based on enzymatic reactions (Boehringer 
Mannheim, represented in the US by R-Biopharm, Cat. No. 907979). In the presence of 
the enzyme 3-hydroxybutyrate dehydrogenase, D-3-hydroxybutyric acid is oxidized to 
acetoacetate by nicotinamide-adenine dinucleotide (NAD). In the reaction catalized by 
diaphorase, NADH is formed and it converts iodonitrotetrazolium chloride (INT) to a 
formazan, which is measured in the visible range at 492nm.
In order to reduce costs, the reagents and sample volumes recommended by the 
supplier were reduced by 66% without affecting the accuracy, as suggested by 
Hesselmann et al. (1999).
The test kit contains the following items:
1) Bottle 1 with approximately 25 mL solution consisting of: potassium 
phosphate/trietholamine buffer, pH approximately 8.6; Triton® X-100; stabilizers.
2) Three bottles 2 with each approximately 35 mg lyophilisate, consisting of: 
diaphorase, approximately 4 U; NAD, approximately 28 mg; stabilizers.
3) Bottle 3 with iodonitrotetrazolium chloride solution, approximately 2.5 mL.
4) Bottle 4 with approximately 1.8 mL 3-hydroxybutyrate dehydrogenase solution 
approximately 27 U.
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A standard solution was prepared by weighting 30 mg monosodium D, L-3- 
hydroxybutyrate (Sigma Cat. # H-6501) and diluting to 100 mL to obtain a concentration 
of 120 mg/L.
The reagents provided in the test kits were used to prepare the following 
solutions:
• Solution 1 : contents of bottle 1 undiluted (this solution is stable for 1 year at 4°C).
• Solution 2: contents of one bottle 2 were dissolved in 2.5 mL DI water (this solution 
is stable for 1 week at 4°C).
• Solution 3: contents of one bottle 3 were diluted in 6 mL DI water (this solution is
stable for 3 months at 4®C and for 1 month at 20-25®C stored in the dark).
• Solution 4: contents of bottle 4 undiluted (this solution is stable at 4°C).
The procedure for the analysis of PHB using the enzymatic kit is described as 
follows, according to the instructions provided with the kit:
General Instructions 
Wavelength: 492 nm
Spectrophotometer: Hewlett Packard 8452A Diode Array 
Glass cuvette: 1.00 cm light path 
Temperature: 20-25°C
Read against air (without a cuvette in the light path) or against water or blank. 
Sensitivity: 0.04 mg/L 
Detection Limit: 0.2 mg/L
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Procedure
1) Table 3.4 shows the sample and solution volumes to be pipetted into each cuvette. 
Table 3.4. Volumes to be Added to Each Cuvette for PHB Analysis.
Pipette into cuvettes 
(mL) Blank Sample Standard Sol.
Solution 1 0.400 0.400 0.400
Solution 2 0.133 0.133 0.133
Solution 3 0.133 0.133 0.133
DI water 1.334 1.267 1.267
Sample 0.067 ---
Standard Sol. --- --- 0.067
2) Mix with a plastic spatula (looking out for bubbles in the walls of the cuvette).
3) Read absorbance after 2 minutes (A,). Read absorbance again after 2 minutes. If 
change in absorbance is greater than O.Ol, sample has to be treated.
4) Add 0.033 mL of solution 4 to each cuvette and mix with a plastic spatula.
5) Read absorbance after exactly 20 minutes (Az).
6) Repeat the reading after exactly 10 minutes (A3).
Calculation
Concentrations were calculated according to the following equation;
C (g/L) = V X MW X AA/ (e X d X V X 1000)
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Where:
V = final volume in (mL)
V = sample volume (mL)
MW = molecular weight of the substance assayed in g/mol (104.1 g/mol for PHB) 
d = light path in cm (cuvettes used had 1 cm light path)
E = extinction coefficient of formazan at 492 nm = 19.9 L x mmol ' x cm '
AA — AAsample ~ AAblank
AAsample = (M  -  A| )saniple ~ 2 X (A 3 -  Azlsample
AAblank -  (A] -  A|)biank “ 2 X (A 3 -  Az)blank
3.3.2. Intracellular Glycogen Measurements
Unfiltered samples were collected and digested using the method developed by 
Maurer et al. (1997) and described below. Samples were analyzed immediately after 
digestion.
a) Reagents and Solutions 
al)HCl-6M
Slowly add 125 mL HCl conc. to a 250-mL volumetric flask containing 
approximately 100 mL DI water, while mixing with a magnetic stirring bar. 
Bring the volume to the mark with DI water. 
a2) KOH-IOM
Weight 140.275 g KOH and slowly transfer to a 250-mL volumetric flask 
containing approximately 150 mL DI water, while mixing with a magnetic 
stirring bar. Complete to the mark with DI water.
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b) Instrumentation Needed
bl) Centrifuge
b2) COD reactor (HACH)
b3) 10-mL glass tubes, with plastic screw caps.
c) Procedure
cl) Mix 4 mL of sludge with 0.4 mL 6 M HCl solution in a capped tube.
c2) Centrifuge sample for 10 minutes at 4000 rpm.
c3) Remove the supernatant and resuspend cells with 3.9 mL of DI water.
c4) Heat closed tube for 120 minutes at 100°C in a COD reactor.
c5) Add 0.25 mL of 10 M KOH for neutralization.
c6) Add 0.50 mL of phosphate buffer.
c7) Centrifuge for 10 minutes at 4500 rpm.
c8) Use supernatant for analysis.
Glycogen analyses were performed using a commercial kit (UV method) based 
on enzymatic reactions (Boehringer Mannheim, represented in the US by R-Biopharm, 
Cat. No. 716251). D-glucose is phosphorylated to D-glucose -6-phosphate (G-6-P) in 
the presence of the enzyme hexokinase (HK) and adenosine-5-triphosphate (ATP) with 
the simultaneous formation of adenosine-5-diphosphate (ADP). In the presence of the 
enzyme glucose-6-phosphate dehydrogenase (G6P-DH), G-6-P is oxidized by 
nicotinamide-adenine dinucleotide phosphate (NADP) to D-gluconate-6-phosphate with 
the formation of reduced nicotinamide-adenine dinucleotide phosphate (NADPH). The
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amount of NADPH formed in this reaction is stoichiometric to the amount of D-glucose. 
The increase in NADPH is measured by means of its light absorbance at 340 nm.
The test kit contains the following items:
1) Three bottles 1, each with approximately 7.2 g powder mixture, consisting of: 
trietholamine buffer, pH approximately 7.6; NADP approximately 110 mg; ATP. 
approximately 260 mg, magnesium sulfate; stabilizers.
2) Three bottles 2 with each approximately 1.1 mL suspension consisting of: 
hexokinase, approximately 320 U; glucose-6-phosphate dehydrogenase, 
approximately 160 U.
3) D-glucose standard solution for assay control purposes.
The reagents provided in the test kits were used to prepare the following 
solutions:
• Solution I : contents of bottle I were diluted in 45 mL DI water (this solution is
stable for 4 weeks at 4°C and for 2 months at -20®C).
• Solution 2: contents of bottle 2 undiluted (this solution is stable at 4°C).
The procedure for the analysis of glycogen using the enzymatic kit is described
as follows, according to the instructions provided with the kit:
General Instructions 
Wavelength: 340 nm
Spectrophotometer: Hewlett Packard 8452A Diode Array 
Glass cuvette: 1.00 cm light path 
Temoerature: 20-25°C
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Read against air (without a cuvette in the light path) or against water or blank. 
Sensitivity: 0.2 mg/L 
Detection Limit: 0.4 mg/L
Procedure
1) Table 3.5 shows the sample and solution volumes to be pipetted into each cuvette. 
Table 3.5. Volumes to be Added to Each Cuvette for Glycogen Analysis.
Pipette into cuvettes 
(mL) Blank Sample Standard Sol.
Solution 1 1.0 1.0 1.0
Sample 0.1
Standard Sol. --- -— 0.1
DI water 2.0 1.9 1.9
2) Mix with a plastic spatula (looking out for bubbles in the walls of the cuvette).
3) Read absorbance after 3 minutes (Ai).
4) Add 0.020 mL of solution 2 to each cuvette and mix with a plastic spatula.
5) Read absorbance after 15 minutes (Ai). If the reaction has not stopped after 15 
minutes, continue to read the absorbences at 2-minute intervals until the absorbance 
increases constantly over 2 minutes.
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Calculation
Concentrations were calculated according to the following equation:
C (g/L) = V X MW x A A / ( e x d x v x  1000)
Where:
V = final volume in (mL)
V = sample volume (mL)
MW = molecular weight of the substance assayed in g/mol (180.16 g/mol for PHB) 
d = light path in cm (cuvettes used had 1 cm light path)
E = extinction coefficient of NADPH at 340 nm = 6.18 L x mmol'' x cm''
AA = (At -  AOsample “ (At ~ A|)blank
3.3.3. Acetic Acid Measurements
Acetic acid concentrations were measured in filtered samples (0.45 pm 
membrane filter) using a commercial kit (UV method) based on enzymatic reactions 
(Boehringer Mannheim, represented in the US by R-Biopharm, Cat. No. 148261). If 
samples are not to be analyzed within a short period after filtration, they should be stored 
at -20 °C. Acetic acid (acetate) is converted to acetyl-CoA in the presence of the 
enzyme acetyl-CoA synthetase (ACS) with adenosine-5-triphosphate (ATP) and 
coenzyme A (CoA). Acetyl-CoA reacts with oxaloacetate in the presence of citrate 
synthetase (CS). The oxaloacetate required for the reaction is formed firom L-malate and 
nicotinamide-adenine dinucleotide (NAD) in the presence of L-malate dehydrogenase 
(L-\{DH). In this reaction, NAD is reduced to NADH. The determination of acetate is
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based on the formation of NADH measured by the increase in light absorbance at
340nm.
The test kit contains the following items:
1) Bottle 1 with approximately 32 mL of solution, consisting of: triethanolamine buffer. 
pH approximately 8.4; L-malic acid, approximately 134 mg; magnesium chloride, 
approximately 67mg; stabilizers.
2) Bottle 2 with approximately 280 mg lyophilisate, consisting of: ATP. approximately 
175 mg; CoA, approximately 18 mg; NAD, approximately 86 mg; stabilizers.
3) Bottle 3 with approximately 0.4 mL of suspension, consisting of: L-malate 
dehydrogenase, approximately 1100 U; citrate synthase, approximately 270 U.
4) Three bottles 4, with lyophilisate acetyl-CoA-synthetase, approximately 5 U each.
5) Acetic acid standard solution for assay control purposes.
The reagents provided in the test kits were used to prepare the following
solutions:
• Solution 1 : contents of bottle 1 undiluted (this solution is stable at 4°C).
• Solution 2: contents of bottle 2 were dissolved in 7 mL DI water (this solution is
stable for 4 weeks at 4°C).
• Solution 3: contents of bottle 3 undiluted (this solution is stable at 4°C).
• Solution 4: contents of bottle 4 were dissolved with 0.25 mL DI water (this solution
is stable for 5 days at 4°C).
The procedure for the analysis of acetic acid using the enzymatic kit is described
as follows, according to the instructions provided with the kit:
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General Instructions 
Wavelength; 340 nm
Spectrophotometer; Hewlett Packard 8452A Diode Array 
Glass cuvette: 1.00 cm light path 
Temperature: 20-25°C
Read against air (without a cuvette in the light path) or against water or blank. 
Sensitivity: 0.1 mg/L 
Detection Limit: 0.15 mg/L
Procedure
I) Table 3.6 shows the sample and solution volumes to be pipetted into each cuvette. 
Table 3.6. Volumes to be Added to Each Cuvette for Acetic Acid analysis.
Pipette into cuvettes 
(mL) Blank Sample Standard Sol.
Solution 1 1.0 1.0 1.0
Solution 2 0.2 0.2 0.2
Sample 2.0 ---
Standard Sol. --- 0.05
DI water 2.0 1.95
2) Mix with a plastic spatula (looking out for bubbles in the walls of the cuvette).
3) Read absorbance (Ao).
4) Add 0.010 mL of solution 3 to each cuvette and mix with a plastic spatula.
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5) Read absorbance after 3 minutes (Al).
6) Add 0.020 mL of solution 4 to each cuvette and mix with a plastic spatula.
7) Read absorbance after 15 minutes (A:). If the reaction has not stopped after 15 
minutes, continue to read the absorbencies at 2-minute intervals until the absorbance 
increases constantly over 2 minutes.
Calculation
Concentrations were calculated according to the following equation:
C (g/L) = V X MW x A A / ( s x d x v x  1000)
Where:
V = final volume in (mL)
V = sample volume (mL)
MW = molecular weight of the substance assayed in g/mol (60.05 g/mol for PHB) 
d = light path in cm (cuvettes used had 1 cm light path)
8 = extinction coefficient of NADH at 340 nm = 6.3 L x mmol' x cm '
A A  =  [(A z  -  Ao)sample “  (A t -  Ao)^sample/(A2 -  Ao)sample] “  {(A t -  Ai)biank “  [ (A | -  
A o)\lank /(A 2  -  Ao)blank]}
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CHAPTER 4
CHARACTERIZATION PROFILES OF THE EBPR SYSTEM AT THE CCSD PLANT
The raw data used to build all profiles presented in this chapter are shown in 
Appendix A. Given the large amount of data, the profiles contain only some sampling 
days, representing each month monitored.
4.1. Dissolved Oxygen (DO)
Dissolved oxygen (DO) concentrations were monitored from January 2000 to 
June 2000. A summary of DO concentrations at each sampling location during the 
investigation period is presented in Figure 4.1. CABI contained average DO 
concentrations of approximately 5.5 mg/L, which are unusually high. This is due to 
oxygenation caused by the Archimedes screw-pumps used to lift the wastewater from the 
primary clari fiers to the basins.
There is a steep decrease in DO concentrations in the anaerobic compartment Al. 
Part of this decrease is due to dilution firom mixing CABI with the returned activated 
sludge (RAS), which contained low DO concentrations. In order to evaluate how much 
of the decrease is due to dilution and how much is due to oxygen consumption by 
microorganisms, a mass balance was performed. The following assumptions were made;
64
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1. Average DO concentration in the RAS equals 0.2 mg/L
2. Mean DO concentration in CABI equals 5.5 mg/L
3. Average flow of CABI equals 10.3 MOD.
4. Mean flow of RAS equals 3.2 MOD.
From the mass balance, it was estimated that a decrease of 1.3 mg/L in DO 
concentration was due to dilution of CABI with the RAS. Microorganisms present in 
anaerobic compartment Al were estimated to be responsible for a consumption of 4.0 
mg/L of dissolved oxygen (Table 4.1). High concentration of DO in the anaerobic zones 
is detrimental to the performance of EBPR, because it inhibits the fermentation process 
and it decreases the generation of volatile fatty acids (VFAs).
DO consumption was observed throughout the entire anaerobic/anoxic tank 
(compartments Al to A4), as DO concentrations slightly decreased. At Al the 
consumption rate o f DO was higher than in the other basins (A2 to A4). DO 
concentrations in the anoxic/anaerobic zones averaged 0.2 mg/L (Figure 4.1), indicating 
anaerobic conditions, which are normally conductive to phosphorus release by phosphate 
accumulating organisms (PAOs).
Table 4.1. Mass Balance for Influent DO Concentrations to the EBPR System of CCSD.
Sampling
Location CABI RAS
Al ConsumptionCalculated Measured
Mean DO 
(mg/L) 5.5 0.2 4.2 0.2 4.0
A steep increase in DO concentrations is observed as the wastewater goes from 
the anaerobic/anoxic tanks to the aerated tanks. DO concentrations measured in ABI
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(Figure 3.9), which is located very close to the interface between aerobic/anaerobic 
tanks, are in the range from 0.8 mg/L to 1.8 mg/L. This indicates that aerobic conditions 
(DO concentrations higher than 0.5 mg/L) exist for phosphorus uptake by PAOs. Note 
that measurements of DO concentrations in ABI show the widest range, when compared 
to other sampling locations. This variation in DO concentrations in ABI is probably due 
to variation in mixing conditions. DO concentrations were observed to continuously 
increase with residence time in the aerobic tank, reaching approximately 1.9mg/L at 
ABE (Figure 4.1).
Dissolved Oxygon (DO) by How Soquonco: Basin 4 
Summary of Data from Jan/00 to Jun/00.
7.0
6.0
5.0
-J 4.0  
01
?  3.0 
 ̂ 2.0
0.0
CABI A1 A2 A3 A4 ABI ABE CLRO
Location
Figure 4.1. DO Concentrations by Flow Sequence for Sampling Locations in Basin #4. 
Each Line in the Graph Represents a Data Set for a Sampling Day.
DO concentrations measured in the secondary clarifier of Basin 4 were always 
below 0.3 mg/L. This indicates that the secondary clarifier ofrers anaerobic conditions 
that might stimulate both phosphorus release and denitrification by microorganisms.
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4.2. Oxidation-Reduction Potential (ORP)
ORP can serve as an estimate of the reducing potential of a certain basin, and can 
be more significant than DO measurements when concentrations of dissolved oxygen are 
very low, such as the ones in the anoxic/anaerobic tanks of Basin 4.
Representative ORP sequences for sample sites are given in Figure 4.2. CABI 
had ORP values in the ranged of -50 to 50 mV. ORP values continuously decreased 
within the anoxic/anaerobic tanks. Typical values ranged from 20 to 70 mV and from 
-40 to -85 mV, for Al and A4, respectively. Phosphorus release occurred with negative 
ORP values.
ABI had ORP in the range from 0 to 50 mV, which represents a distinct increase 
in the ORP as the wastewater goes from anoxic/aerobic compartment A4 to ABI. ORP 
continued increasing within the aerobic tank, reaching values in the range from 30 to 
80mV in ABE. Figure 4.2 also shows that ORP increased from ABE to CLRO.
With the exception of the secondary clarifier, ORP values paralleled DO 
concentrations throughout the system. Both DO and ORP decreased in the 
anoxic/anaerobic tanks and increased in the aerobic tanks. However, ORP measured at 
ABI did not vary significantly with time, whereas DO did. Although DO and ORP 
showed similar trends, linear regression analysis of the data yielded poor correlation (R‘ 
= 0 .0210).
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ORP by Row Stqutnco; Basin 4 
Summary of Data from Jan/00 to Jun/00
200
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Figure 4.2. ORP by Flow Sequence for Sampling Locations in Basin #4. Each Line in 
the Graph Represents a Data Set for a Sampling Day.
4.3. Nitrogen (Ammonia and Nitrates)
Ammonia and nitrate concentrations were measured in filtered samples collected 
within the system (Figure 4.3). Typical values for ammonia concentrations in CABI 
were within the range from 24.0 to 28.0 mg NH4-N/L, sometimes reaching 
concentrations of 30 mg/L. The decrease in the ammonia levels from CABI to Al was 
probably due to dilution by the RAS, which had ammonia concentrations as low as
0.16mg/L. To confirm this, a mass balance was performed with the following 
assumptions:
1. Average NH4-N concentration in the RAS equals 0.74 mg/L
2. Mean NH4-N concentration in CABI equals 26.59 mg/L
3. Average flow of CABI equals 10.3 MOD.
4. Mean flow of RAS equals 3.2 MOD.
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Ammonia concentrations calculated from mass balance (20 mg NH4-N/L, Table 
4.2) were very close to the mean ammonia concentrations measured in Al (19.2 mg 
NH4-N/L). This indicates that the decrease in ammonia concentrations from CABI to 
Al was solely due to dilution and not because of biological activity, which is expected 
sinco there is not sufficient oxygen to promote nitrification in those tanks (Figure 4.1 ).
Table 4.2. Mass Balance for Influent NH4  Concentrations to the EBPR Svstem of 
CCSD.
Sampling Location CABI RAS Calculated Measured
Mean NH4  (mg/L) 26.59 0.74 20.0 19.2
Ammonia concentrations did not vary significantly within the anoxic/anaerobic 
zones, ranging from 14.0 to 22.0 mg/L. A distinctive decrease in ammonia 
concentrations was observed as the wastewater entered the aeration basin. The oxygen 
added to that basin allows nitrifying microorganisms to oxidize ammonia from 
concentrations of 20 mg NH4-N/L /L to 6 mg NH4-N/L /L (at ABI) in a very short time. 
Nitrifying microorganisms continued to consume ammonia and produce nitrate in the 
aeration basin, resulting in effluent ammonia concentrations (at ABE) close to zero 
(Figure 4.3).
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NH4"N by Flow Sequence: Beain#4 
Summary of Data from Sep/99 to Jun/00
Location
Figure 4.3. Ammonia Concentrations by Flow Sequence for Sampling Locations in 
Basin #4. Each Line in the Graph Represents a Data Set for a Sampling 
Day.
The nitrate profile within basin #4 inversely paralleled the ammonia profile. 
Nitrate concentrations at CABI and throughout all anaerobic compartments were close to 
zero during the period of investigation. However, nitrate concentrations in the RAS 
reached values as high as 15 mg/L. In order to evaluate how much of the decrease was 
due to dilution and how much was due to microbial activity, a mass balance was 
performed using the following assumptions:
1. Average NO3 concentration in the RAS equals 6.99 mg/L
2. Mean NO3 concentration in CABI equals 0.4 mg/L
3. Average flow of CABI equals 10.3 MOD.
4. Mean flow of RAS equals 3.2 MOD.
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The mass balance indicated an influent nitrate concentration of 1.96 mg/'L, and 
the mean nitrate concentration measured in Al was 0.25 mg/L, indicating the likelihood 
that denitrification took place in that anaerobic compartment.
Table 4.3. Mass Balance for Influent NO3 Concentrations to the EBPR System of 
CCSD.
Sampling Location CABI RAS Al Consumption iCalculated Measured
Mean NO3 (mg/L) 0.40 6.99 1.96 0.25 1.71 !
The nitrification process in the aeration basin is rapid, resulting in an increase of 
nitrate concentrations from values close to zero (at the last anaerobic compartment, A4) 
to values as high as 14 mg/L in the end of the aeration basin (at ABE).
The low DO concentrations observed in the secondary clarifier of basin 4 (Figure 
4.1) are conductive to denitrification. During the entire investigation, concentrations of 
nitrate in the secondary clarifier were below concentrations in the effluent of the aerobic 
tank (Figure 4.4). This indicates the likelihood of denitrification taking place in the 
secondary clarifier. Nitrate concentrations in the RAS are also lower than nitrate 
concentrations in ABE and CLRO, suggesting further denitrification by microorganisms, 
with longer retention times. However, the extent of denitrification in the secondary 
clarifier varied, as RAS nitrate concentrations varied significantly during the 
investigation.
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Nitrates by Flow Sequence: Basin#4 
Summary of Data from Sep/99 to Jun/00
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Figure 4.4. Nitrate Concentrations by Flow Sequence for Sampling Locations in Basin 
#4. Each Line in the Graph Represents a Data Set for a Sampling Day.
4.4. Alkalinity and pH
The wastewater alkalinity was extremely affected by the nitrification process 
occurring in the aerobic tanks. Figure 4.5 displays alkalinity by flow sequence. CABI 
had alkalinity as high as 260 mg/L. After dilution with the RAS, alkalinity slightly 
decreased in the anaerobic compartment Al and remained the same throughout the entire 
anoxic/anaerobic tank, averaging 230 mg/L. The nitrification process taking place in the 
aerobic tank caused a decrease in the alkalinity to concentrations of approximately 120 
mg/L, measured at ABE.
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Alkalinity by Flow Sequence: Baiin#4 
Summary of Data from Sep/99 to Jun/00
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Figure 4.5. Alkalinity by Flow Sequence for Sampling Locations in Basin #4. Each 
Line in the Graph Represents a Data Set for a Sampling Day.
The wastewater pH was also strongly affected by the nitrification/denitrification 
processes taking place within the system (Figure 4.6). CABI had pH values in the range 
from 7.2 to 7.5. The pH slightly decreased at Al, after dilution of CABI with the RAS. 
The entire anoxic/anaerobic tank showed pH in the range from 7 to 7.2. pH values 
dropped to 6.8 to 7.0 as the wastewater reached the aerobic tank. This decrease is results 
from the nitrification process, which consumes alkalinity and decreases the pH values of 
the wastewater.
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pH by Flow Sequence: Basin#4 
Summary of Data from Jan/00 to Jun/00
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Figure 4.6. pH by Flow Sequence for Sampling Locations in Basin #4. Each Line in the 
Graph Represents a Data Set for a Sampling Day.
4.5. Ortho-P(OP)
Notwithstanding variability over the study period, OP exhibited a consistent 
trend characterized by a steep increase in the anoxic/anaerobic region and a sharp 
decrease within the aerobic section of basin # 4 ( Figure 4.7).
In order to evaluate OP release in each of the anoxic/anaerobic compartments 
separately, it was necessary to first determine the combined OP load from the RAS and 
CABI to compartment Al. The mean influent OP concentration to Al was calculated to 
be 2.4 mg/L (Table 4.4). The largest phosphorus release (Table 4.4) in the anaerobic 
compartment took place in the initial regions Al and A2 (3.0 and 2.1mgL, respectively). 
Phosphorus release in compartments A3 and A4 was minimum (mean 0.6mg/L) when 
compared to that in compartments Al and A2 (Table 4.4).
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OP by Flow Sequence
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Figure 4.7. OP by Flow Sequence for Sampling Locations in Basin #4. Each Line in the 
Graph Represents a Data Set for a Sampling Day.
Table 4.4. Mean OP Concentrations and Mean Phosphorus Release in the Anaerobic 
Compartments Al, A2, A3, and A4.
Location Influent
(CABI+RAS) Al A2 A3 A4
Mean OP conc. 
(mg/L) 2.4 5.4 7.5 8.2 8.7
Mean F release 
(mg/L)
-- 3.0 2.1 0.7 0.5
Phosphorus uptake by PAOs in the aeration basin is rapid, as shown by a 
distinctive decrease in OP concentrations from A4 to ABI. Lower OP concentrations 
measured at ABE (Figure 4.7) suggest that longer retention times in the aeration basin 
result in superior phosphorus uptake.
Effluent OP concentrations from the secondary clarifier did not seem to 
significantly differ from those measured at ABE. However, the RAS showed much
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higher OP concentrations on some occasions (Figure 4.7), when compared to those 
measured at ABE and CLRO the same day, which is indicative of phosphorus release in 
the secondary clarifier.
4.6. Substrate Concentrations
4.6.1. Soluble COD and Acetic Acid
The profile of soluble COD (Figure 4.8) is similar to that of acetic acid (Figure 
4.9) in the anaerobic compartments, both indicate a distinctive decrease in the initial 
anaerobic compartments (Al and A2). Part of this decrease is due to dilution of CABI 
with the RAS. Table 4.5 shows the result from the mass balance used to estimate the 
effect of dilution on soluble COD and acetic acid concentrations.
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Figure 4.8. Soluble COD by Flow Sequence for Sampling Locations in Basin #4. Each 
Line in the Graph Represents a Data Set for a Sampling Day.
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Figure 4.9. Acetic Acid by Flow Sequence for Sampling Locations in Basin #4. Each 
Line in the Graph Represents a Data Set for a Sampling Day.
Table 4.5. Mass Balance for Soluble COD and Acetic Acids Concentrations at Al.
Sampling Location CABI RAS A DecreaseCalculated Measured
Mean Sol. COD (mg/L) 102.2 47.0 89.1 63.5 25.6
Mean Acetic Acid (mg/L) 26.2 1.8 20.4 9.6 10.8
The large decrease of organic substrate (soluble COD and acetic acid) in the 
initial anaerobic compartments was accompanied by high phosphorus release (Figure 
4.7). Because VF As are concomitantly being generated and consumed within the 
anaerobic region, one cannot measure the actual uptake of VF As. However, it is clear 
from Table 4.6 and Figure 4.10 that the largest decrease in COD and acetic acid 
concentrations occurred in compartments Al and A2; in the last two zones no significant 
decrease was observed. These findings suggest that keeping the last compartments un-
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aerated may not be necessary since not much phosphorus is being released in these 
regions.
Table 4.6. Mean Decrease in Soluble COD and Acetic Acid (HAc) in the Anaerobic 
Compartments Al, A2, A3, and A4.
Location Influent(CABI+RAS) Al A2 A3 A4 i
Mean Sol. COD 
Conc. (mg/L) 89.1 63.5 51.1
50.1 50.0
Sol. COD 
Decrease (mg/L)
— 25.6 12.4 1.0 0.1
Mean HAc Conc. 
(mg/L)
20.4 9.6 1.7 1.2 1.1
HAc Decrease 
(mg/L)
-- 10.8 7.9 0.9 0.1
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Figure 4.10. Soluble COD and OP Concentrations for Sampling Locations in Basin #4.
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Regression analysis was performed in order to investigate the relationship 
between biodegradable soluble COD and acetic acid concentrations at CABI and Al 
(Figures 4.11 and 4.12, respectively). The soluble COD that was not oxidized in the 
aeration basin was assumed non-biodegradable. Therefore, biodegradable soluble COD 
(Biod. Sol. COD) was calculated by subtracting the soluble COD concentration at .\BE 
(aeration basin effluent) from the measured soluble COD. Results from linear regression 
analysis (soluble COD as the independent and HAc as the dependent variable) indicate 
no correlation at CABI (R  ̂= 0.032) and poor correlation at Al (R‘ = 0.262). The low 
sensitivity of COD measurements may have contributed to these findings. However, a 
more careful investigation (with higher number of samples) should be carried out before 
any further conclusions are withdrawn.
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Figure 4.11. Soluble COD and Acetic Acid Concentrations at CABI versus Time.
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Figure 4.12. Soluble COD and Acetic Acid Concentrations at Al versus Time.
4.6.2. Influent BOD and TP to the CCSD Plant
Figure 4.13 shows a schematic diagram of the CCSD plant with mean BOD, TP 
and soluble COD concentrations during the period of the investigation. Raw wastewater 
had mean 260 mg/L BOD, 5.5 mg/L TP, and 47:1 BODiTP ratio. In the primary 
clarifiers, where ferric chloride is added, 54% of the influent BOD and 27% influent TP 
are removed, decreasing the BOD:TP ratio to 30:1 (Table 4.7). Primary sludge had 
approximate phosphorus content of 1.8%.
At CABI, the return streams from the sludge handling system (filtrate and bottom 
sludge from the DAFTs) are mixed with the primary effluent, increasing BOD and TP 
concentrations to 160 mg/L and 4.3 mg/L, respectively, causing the BOD/TP ratio to 
increase to 37:1. The additional BOD provided by return streams may significantly 
benefit the EBPR system by allowing more substrate to the PAOs in the EBPR system.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
However, the return stream may also significantly contribute with additional phosphorus 
loading to the EBPR system, due to phosphorus release during sludge treatment. 
Therefore, efficient sludge handling is important for maintaining good EBPR 
performance.
The effluent of the EBPR system at CCSD had mean BOD of 12 mg/L and mean 
TP of 0.4 mgP/L. The overall BOD and TP removals averaged 95% and 93 %. 
respectively.
Table 4.7. BOD, COD, TP, and Ratios in the Plant Influent, Primary Effluent, and at 
CABI.
Stream BOD(mg/L)
TP
(mgP/L)
Sol. COD 
(mg/L) BOD/TP Sol. COD/TP
Plant Influent 260 5.5 —- 47:1 --
Prim. Effilent 120 4.0 30:1 --
CABI 160 4.3 101.2 37:1 23:1
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4.7. Summary and Discussion
Profiles of dissolved oxygen (DO) in the CCSD plant indicated anoxic conditions 
in secondary clarifiers. Low DO concentrations allowed denitrification and phosphorus 
release (in some occasions) to occur in the secondary clarifiers of CCSD, as suggested 
by the nitrate and ortho-phosphate (OP) profiles. The nitrate profile at CCSD showed 
lower nitrate concentrations in the RAS and at CLRO, when compared to those at ABE, 
suggesting that denitrification took place in the secondary clarifiers. However, the 
extent of this denitrification showed high variability, as indicated by the wide range of 
nitrate concentrations measured in the RAS. Ortho-phosphate profiles have shown that 
phosphorus release took place in the secondary clarifiers of CCSD, as OP concentrations 
in the RAS were higher than those at CLRO and at ABE in some occasions.
Most of the phosphorus release and the substrate consumption took place in the 
initial anaerobic compartments (Al and A2) of the EBPR system of CCSD. Only a very 
small fraction of phosphate was released in the last two anaerobic compartments. These 
findings suggest that keeping the last compartments un-aerated may not be necessary 
since not much phosphorus is being released.
The raw wastewater’s BODiTP ratio averaged 47:1, decreasing to 30:1 after 
ferric chloride addition and primary clarification. The return stream from sludge 
handling contributed with BOD and TP to the liquor, increasing the BOD:TP ratio of the 
influent to the EBPR system to a ratio of 37:1. However, inadequate sludge handling 
may result in high phosphorus concentrations in the return streams that would decrease 
the BOD:TP ratio. Low BOD:TP ratio in the influent to the EBPR system can result in
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poor phosphorus removal, because PAOs would not obtain sufficient organic substrate to 
efficiently release phosphorus.
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CHAPTER 5
PROFILES OF IMPORTANT MICROBIAL STORAGE PRODUCTS AT CCSD
Two metabolic models of EBPR have been described in chapter 2 of this thesis. 
Both models emphasize the importance of microbial storage products on EBPR 
performance. Microbial storage products include Poly-P, PHB, and glycogen. The 
ComeauAVentzel model does not include glycogen. However, the Mino model points 
out the importance of glycogen on the EBPR process. This is in agreement with many 
laboratory tests that have documented a decrease in the sludge intracellular carbohydrate 
(glycogen) content in the anaerobic stage and an increase in the sludge intracellular 
carbohydrate in the following aerobic stage.
Measurements of microbial storage products in full-scale EBPR systems are 
rarely carried out, and hence, data from such systems are scarce. Thus, concentration of 
intracellular PHB and glycogen and the phosphorus content of the CCSD sludge were 
measured from grab unfiltered samples (Appendix B).
5.1. Phosphorus Content of the Sludge
Unfiltered samples were collected and analyzed for total-phosphorus (TP), which 
includes both soluble and particulate phosphorus present in the liquor. Ortho-phosphate 
(OP) was measured in filtered samples, and hence it accounts only for the soluble
85
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phosphorus fraction of the mixed liquor. The difference between measured TP 
concentrations and measured soluble phosphorus concentrations (OP) represents the 
particulate phosphorus of the liquor. Since most particulate matter (measured as total 
suspended solids, TSS) present in the activated sludge consists of microbial cells, it was 
assumed that the calculated particulate phosphorus was entirely bound to the sludge. 
Therefore, dividing the particulate phosphorus (TP minus OP) by the solids content in 
the mixed liquor (TSS) results in the phosphorus content of the sludge as mgP/mgSS, 
that can be expressed as %P. %P is an approximate measurement of intracellular poly-P, 
because a fraction of the phosphorus attached to the sludge consists of chemically bound 
phosphates and organic phosphates, which are part of cell composition, and therefore is 
not poly-P.
Results of the measurements of P content in the CCSD sludge are shown in Table
5.1. Figure 5.1 shows mean %P values throughout the EBPR process at CCSD.
Table 5.1. Mean TP, OP, TSS, and %P in the Sludge.
Location Mean TP (mg/L)
Mean OP 
(mg/L)
TSS
(mg/L) Mean %P Std. Dev.
Number of 
Samples
Al 38.10 5.0 949 3.6 0.93 6
A2 43.56 7.4 1348 2.8 0.98 6
A3 43.17 8.2 1386 2.7 0.11 6
A4 42.08 8.8 1518 2.3 0.75 6
ABI 44.74 3.0 1681 2.7 0.92 6
ABE 45.51 0.2 1812 2.6 0.91 6
RAS 93.17 2.1 4758 1.9 0.59 6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
Mean %P In the Sludge by Flow Sequence
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Figure 5.1. Mean Phosphorus Content in the Sludge of the CCSD Treatment Plant.
A decrease from 3.6% to 2.3% in the mean P content of the sludge was observed 
between the initial (Al) and the final (A4) anaerobic compartments. The observed %P 
profile in the anaerobic compartments completely agrees with the EBPR mechanism, 
since poly-P is being broken down by PAOs and released to the liquor as soluble 
phosphorus, resulting in decreasing amounts of intracellular poly-P, and hence 
phosphorus bound to the sludge in the anaerobic compartments.
The phosphorus content of the sludge increased as the wastewater was submitted 
to aerobic conditions (from 2.3% in A4 to 2.7% in ABI), and the calculated %P in ABE 
(2.6%) was approximately the same as that in ABI, confirming the OP profile discussed 
in the previous chapter of this thesis (Figure 4.6), featuring rapid phosphate uptake by 
the sludge in the aerobic compartments.
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The phosphorus content of the return activated sludge (RAS) was lower than that 
at ABE, indicating phosphorus release from the sludge. This phosphorus leaching in the 
return activated sludge was also observed in the OP profile.
5.2. Intracellular PHB
Table 5.2 and Figure 5.2 show mean glycogen concentrations measured within 
the EBPR system at CCSD.
Table 5.2. Mean Intracellular PHB, TSS, Standard Deviation, and Number of Samples.
Location Mean PHB (mePHB/gSS) TSS (mg/L) Std. Dev.
Number of 
Samples
Al 13.0 949 3.4 12
A2 10.6 1348 1.7 12
A3 ll.O 1386 2.6 12
A4 10.0 1518 2.9 12
ABI 4.7 1681 2.1 12
ABE 2.1 1812 1.7 12
RAS 1.9 4758 2.3 12
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Figure 5.2. Mean Intracellular PHB in the Sludge of the CCSD Treatment Plant.
The mean PHB concentration in the initial anaerobic compartment (Al) was 
13.0mgPHB/gSS, which is the highest of the mean PHB concentrations observed in all 
other compartments. Although detection of intracellular PHB was expected in Al, since 
most poly-P has been released and most acetic acid has been taken up (as shown in 
Figure 5.3), such high values do not seem correct. Measurements of intracellular PHB 
are a function of the solids content in the mixed liquor (TSS). Al is the only anaerobic 
compartment without a mechanical mixer, and good mixing conditions are not always 
achieved (the liquor sometimes presents two phases, that can be easily identified). 
Therefore, errors in the measurements of PHB at Al appear to be related to the poor 
mixing in compartment Al and to the difficulty in accurately measuring TSS 
concentrations.
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OP, PHB, and HAc by Flow Sequence
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Figure 5.3. Acetic Acid, Ortho-Phosphate, and Intracellular PHB in the Sludge of the 
EBPR System at CCSD.
Intracellular PHB did not seem to significantly vary within the anaerobic 
compartments (excluding compartment Al). This is probably because most of the PHB 
was synthesized in the initial anaerobic compartments, concomitantly with poly-P 
release.
PHB is rapidly consumed in aerobic conditions. This is indicated by a decrease 
from 10.0 mgPHB/gSS in A4 to 4.7 mgPHB/gSS in ABI. Consumption of intracellular 
PHB persisted in the aerobic tank and PHB averaged 2.lmgPHB/gSS in ABE.
The return activated sludge showed mean intracellular PHB concentration similar 
to that found in ABE. However, phosphorus release in the return activated sludge was 
observed (mean OP in RAS were higher than that in ABE, 4.6) and the phosphorus
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content of the RAS was lower (Figure 5.1). This suggests that this phosphorus release 
was not related to PHB formation, which can be detrimental to the efficiency of the 
system.
5.3. Intracellular Glycogen
Table 5.3 and Figure 5.4 show mean PHB concentrations measured within the 
EBPR system at CCSD.
Table 5.3. Mean Intracellular Glycogen, TSS, Standard Deviation, and Number of 
Samples.
Location Mean Glycogen (mg-Dglucose/gSS) TSS (mg/L) Std. Dev.
Number of 
Samples
Al 46.8 949 3.4 12
A2 43.1 1348 1.7 12
A3 41.8 1386 2.6 12
A4 42.0 1518 2.9 12
ABI 47.7 1681 2.1 12
ABE 53.7 1812 1.7 12
RAS 52.8 4758 2.3 12
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Figure 5.4. Mean Intracellular Glycogen in the Sludge of the CCSD Treatment Plant.
Mean concentrations of intracellular glycogen decreased in the anaerobic zones 
(from 46.8 mgD-glucose/gSS in Al to 42.0 mgD-glucose/gSS in A4). And the mean 
intracellular glycogen concentration consistently increased in the aerobic tank (from 42.0 
mgD-glucose/gSS in A4 to 53.7 mgD-glucose/gSS in ABE). This behavior entirely 
corresponds to the Mino Model, which emphasizes the importance of intracellular 
glycogen for the EBPR metabolism. Since the effluent phosphorus concentrations 
during the period of glycogen measurements were low (i.e., the system performed well 
during that period), it seems that intracellular glycogen concentrations in the RAS of 
52.8 mgD-glucose/gSS are sufficient to guarantee the efficiency of the system.
Figure 5.5 shows phosphorus content, intracellular PHB and glycogen in the 
sludge of the EBPR system at CCSD. Comparison between the profiles of intracellular
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PHB and glycogen indicate that these parameters follow symmetrical trends (excluding 
PHB measurements in compartment Al), which confirms the theoretical behavior of 
EBPR described in the Mino model, where glycogen is believed to serve as reducing 
power in the formation of PHB.
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Figure 5.5. Phosphorus Content, Intracellular PHB, and Glycogen in the Sludge of the 
EBPR System at CCSD.
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5.4. Summary and Discussion
Intracellular PHB and glycogen in the sludge of CCSD were found to be closely 
related. An increase in the intracellular glycogen content of the sludge was paralleled by 
a decrease of the sludge intracellular PHB content during the aerobic stage. Although 
the sludge PHB content did not vary significantly within the anaerobic zones, a 
distinctive decrease in intracellular PHB concentrations was observed in the aeration 
basin. A similar profile was observed for intracellular glycogen measurements of the 
CCSD sludge. This behavior, here found for a full-scale EBPR system, is in agreement 
with the Mino model and with the results reported for several bench-scale investigations 
in the literature.
Glycogen and PHB data from full-scale EBPR systems are scarce; most of data in 
the literature derived from bench-scale tests. Generation of data from full-scale 
processes is valuable to the understanding of EBPR systems and their improvement, as 
conditions used in laboratory experiments are not always equivalent to those actually 
observed in wastewater treatment plants.
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CHAPTER 6
INTERACTIONS BETWEEN CATIONS AND PHOSPHATE AT CCSD
Magnesium (Mg), potassium (K), and calcium (Ca) are nutrients needed by 
microorganisms. The need for potassium and magnesium in the influent of biological 
wastewater treatment systems has been identified in several studies (Rickard and 
McClintock, 1992). Potassium stimulates enzyme reactions associated with synthesis of 
cell materials. The importance of potassium for microorganisms responsible for 
biological phosphorus removal (EBPR systems) is very significant (Brdjanovic ei al,
1996). Potassium defines cell membrane permeability and plays an important role in the 
phosphate transport between the cell and the solution. Magnesium and potassium are 
believed to be the main counter ions in enhanced biological phosphorus removal (EBPR) 
systems for the maintenance of cell equilibrium. It has been demonstrated in laboratory 
experiments that K and Mg are required in specific molar quantities during phosphate 
release and uptake (Rickard and McClintock, 1992). Linear regression analysis of data 
on phosphorus and metals release (AOP and AMetal) in the anaerobic zones and 
phosphorus and metals uptake in the aerobic zones from laboratory-scale EBPR systems 
yielded R“ values as high as 0.99. However, one full-scale experiment (Carlsson et al,
1997) yielded poor correlation between phosphorus and metals (Mg and K).
95
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Potassium and magnesium are not parameters that are commonly measured in 
wastewater treatment plants, and for this reason, information on concentration ranges of 
these metals in domestic wastewater is limited.
The specific objectives of the study described in this chapter are the following:
1. Generate relevant data on concentrations of Ca, Mg, and K in EBPR systems.
2. Evaluate the relationships between OP and cations in a full-scale biological 
phosphorus removal system at the Clark County Sanitation District (CCSD) 
wastewater treatment plant.
3. Compare cation concentrations of two basins in order to investigate whether the 
levels of cations in the basins are similar.
For this study, two basins (basin 4 and basin 5) were monitored for calcium (Ca), 
magnesium (Mg), potassium (K), and ortho-phosphate (in basin 4 only). Grab samples 
were collected for a period of 10 months (Sep/99-Jun/OO) in several locations in the 
tanks. Samples were filtered through a 1.2 pm fiberglass filter immediately after 
collection. Samples were then put on ice and taken to the laboratory where they were 
filtered through a 0.45 pm membrane filter and analyzed for OP, Ca, Mg, and K 
(Appendices C to F).
6.1. Relationships between OP and Concentrations
Table 6.1 shows mean and standard deviation of OP and Ca concentrations. In 
order to evaluate trends of calcium and OP concentrations within the EBPR system, both 
average calcium and OP concentrations were plotted by flow sequence (Figure 6.1). OP
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and Ca did not follow similar trends within the anaerobic compartments, as OP 
concentrations consistently increased, and Ca concentrations decreased in the initial 
anaerobic compartments and increased only in compartment A4. In the aeration basin 
the two parameters did not follow similar trends either. OP concentrations decreased 
sharply as conditions changed from anaerobic to aerobic, whereas Ca concentrations 
within the aerobic compartments were approximately the same as most of those observed 
within the anaerobic compartments. Linear regression analysis on the means confirmed 
this interpretation (R‘ =0.2145 and P-value = 0.204; which is not significant for the 95% 
confidence interval).
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Figure 6.1. Mean Concentrations of OP and Soluble Calcium by Flow Sequence, Basin 
4.
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Table 6.1. Mean and Standard Deviation of Soluble Calcium and OP Concentrations in 
Basin 4.
Ca OP
Location Average
(mg/L)
Std.
Deviation
Average
(mg/L)
Std.
Deviation
CABI 48.3 14.5 1.74 0.75
Al 47.5 13.0 3.15 0.86
A2 46.9 12.7 4.14 1.32
A3 46.3 14.2 4.24 1.37
A4 47.6 14.4 5.30 1.54
ABI 46.9 13.3 1.29 0.97
ABE 46.5 13.1 0.24 0.33
CLRO 44.5 13.6 0.19 0.20
RAS 46.1 14.0 0.96 1.75
Linear regression analysis between AOP and ACa was also carried out for each 
anaerobic compartment separately, as well as for the entire anaerobic tank and for the 
aeration basin. AOP and ACa were calculated as the difference between the tank effluent 
and influent concentrations of OP and calcium, respectively. Results from linear 
correlation are shown in Figures 6.2 to 6.6.
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Figure 6.2. Soluble Calcium at A2 minus Soluble Calcium at Al versus OP at A2 minus 
OPat Al, Basin 4.
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Figure 6 J .  Soluble Calcium at A3 minus Soluble Calcium at A2 versus OP at A3 minus 
OP at A2, Basin 4.
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Figure 6.4. Soluble Calcium at A4 minus Soluble Calcium at A3 versus OP at A4 minus 
OP at A3, Basin 4.
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Figure 6.5. Soluble Calcium at A4 minus Soluble Calcium al Al versus OP at A4 minus 
OP at Al, Basin 4.
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Figure 6.6. Soluble Calcium at ABE minus Soluble Calcium at A4 versus OP at ABE 
minus OP at A4, Basin 4.
Figures 6.2 to 6.6 all show very low R‘ values, indicating no linear correlation 
between concentrations of OP and calcium when the tanks were considered separately.
6.2. Relationships between OP and Mg'* Concentrations
Table 6.2 shows mean and standard deviation of OP and Mg concentrations. In 
order to evaluate trends of magnesium and OP concentrations within the EBPR system, 
both mean magnesium and OP concentrations were plotted by flow sequence (Figure 
6.7). OP and Mg did not seem to follow similar trends within the anaerobic 
compartments, as OP concentrations consistently increased, and Mg concentrations 
actually decreased in compartments A3 and A4. In the aerobic compartments, OP and 
Mg seemed to follow similar trends, as concentrations of both parameters presented 
sharp decrease when conditions changed from anaerobic to aerobic. Linear regression
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analysis on the means yielded a R ' value of 0.5662 and P-value of 0.02, which is 
significant for the 95% confidence interval, indicating moderate correlation. It is also 
important to notice that only soluble magnesium was measured and evaluated.
Table 6.2. Mean and Standard Deviation of Soluble Magnesium and OP Concentrations 
in Basin 4.
Mg OP
Location Average
(mg/L)
Std.
Deviation
Average
(mg/L)
Std.
Deviation
CABI 60.8 6.1 1.74 0.75
Al 61.2 7.1 3.15 0.86
A2 62.0 7.9 4.14 1.32
A3 59.9 7.7 4.24 1.37
A4 60.1 7.0 5.30 1.54
ABI 59.0 7.8 1.29 0.97
ABE 56.6 7.5 0.24 0.33
CLRO 53.5 8.0 0.19 0.20
RAS 55.2 8.6 0.96 1.75
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Mg conc. by Flow Sequence: Baiin#4
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Figure 6.7. Mean Concentrations of OP and Soluble Magnesium by Flow Sequence, 
Basin 4.
Linear regression analysis between AOP and AMg was also carried out for each 
anaerobic compartment separately, as well as for the entire anaerobic tank and for the 
aeration basin. AOP and AMg were calculated as the difference between the tank 
effluent and influent concentrations of OP and magnesium, respectively. Results from 
linear regression analysis are shown in Figures 6.8 to 6.12.
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Figure 6.8. Soluble Magnesium at A2 minus Soluble Magnesium at AI versus OP at A2 
minus OF at Al, Basin 4.
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Figure 6.9. Soluble Magnesium at A3 minus Soluble Magnesium at A2 versus OP at A3 
minus OP at A2, Basin 4.
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Figure 6.10. Soluble Magnesium at A4 minus Soluble Magnesium at A3 versus OP at 
A4 minus OP at A3, Basin 4.
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Figure 6.11. Soluble Magnesium at A4 minus Soluble Magnesium at Al versus OP at 
A4 minus OP at A I, Basin 4.
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Figure 6.12. Soluble Magnesium at ABE minus Soluble Magnesium at A4 versus OP at 
ABE minus OP at A4, Basin 4.
Figures 6.8 to 6.12 all show very low R‘ values, indicating no linear correlation 
between concentrations of OP and magnesium when the tanks are evaluated separately.
6.3. Relationships between OP and Concentrations
Table 6.3 shows mean and standard deviation of OP and K concentrations. In 
order to evaluate trends of potassium and OP concentrations within the EBPR system, 
mean concentrations of both parameters were plotted by flow sequence (Figure 6.13). 
Concentrations of OP and K showed similar trends within the anaerobic and the aeration 
basin, as concentrations increased in the former and sharply decreased in the latter. 
Linear regression analysis on the means yielded a R̂  value of 0.7914 and P-value of 
0.001, which is significant for the 95% confidence interval, indicating good correlation.
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Table 6.3. Mean and Standard Deviation of Soluble Potassium and OP Concentrations 
in Basin 4.
K OP
Location Average
(mg/L)
Std.
Deviation
Average
(mg/L)
Std.
Deviation
CABI 21.5 3.5 1.74 0.75
Al 21.8 3.7 3.15 0.86
A2 22.6 3.8 4.14 1.32
A3 22.3 4.2 4.24 1.37
A4 22.6 3.6 5.30 1.54
ABI 19.7 3.0 1.29 0.97
ABE 19.1 2.4 0.24 0.33
CLRO 18.0 1.6 0.19 0.20
RAS 21.0 4.0 0.96 1.75
Linear regression analysis between AOP and AK was also carried out for each 
anaerobic compartment separately, as well as for the entire anaerobic tank and for the 
aeration basin (Figures 6.14 to 6.18). AOP and AK were calculated as the difference 
between the tank effluent and influent concentrations of OP and potassium, respectively.
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Figure 6.13. Mean Concentrations of OP and Soluble Potassium by Flow Sequence, 
Basin 4.
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Figure 6.14. Soluble Potassium at A2 minus Soluble Potassium at A1 versus OP at A2 
minus OP at Al, Basin 4.
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Figure 6.15. Soluble Potassium at A3 minus Soluble Potassium at A2 versus OP at A3 
minus OP at A2, Basin 4.
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Figure 6.16. Soluble Potassium at A4 minus Soluble Potassium at A3 versus OP at A4 
minus OP at A3, Basin 4.
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Figure 6.17. Soluble Potassium at A4 minus Soluble Potassium at Al versus OP at A 4  
minus OP at Al, Basin 4.
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Figure 6.18. Soluble Potassium at ABE minus Soluble Potassium at A4 versus OP at 
ABE minus OP al A4, Basin 4.
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Results from linear regression analyses shown in Figures 6.14 to 6.18 all 
evidenced low values of R‘, which indicate very poor correlation between concentrations 
of OP and potassium.
6.4. Comparison of Ca, Mg, and K Concentrations between Basins 4 and 5
Data collected from basins 4 and 5 were compared, with the purpose of 
evaluating eventual differences in concentrations of Ca, Mg, and K within the two 
basins, since magnesium hydroxide was added to the aeration tank of basin 5 for settling 
improvement purposes during the period of this investigation. For this comparison, only 
data from samples collected from both basins on the same day were evaluated.
The statistical test Two Sample-T test was performed in order to compare mean 
concentrations of cations in basins 4 and 5. The following hypotheses were tested:
a) Ho : the mean concentration of cations in basin 4 is not significantly different
from that in basin 5 (null hypothesis).
b) H\ : the mean concentration of cations in basin 4 is significantly different from
that in basin S.
In the Two Sample-T test, a P-value, which measures the probability supporting 
the null hypothesis, is generated. In this study, a 95% confidence interval was used. 
Therefore, P-values higher than 0.05 indicate that the null hypothesis (Ho, which 
assumes the mean concentrations of cations from basins 4 and 5 to be the same) should 
be accepted. P-values below 0.05 indicate that Ho should be rejected.
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Tables 6.4 to 6.6 and Figures 6.19 to 6.21 show Ca, Mg, and K mean 
concentrations in the secondary clarifier, anaerobic, and aerobic tanks of basins 4 and 5. 
In addition. Tables 6.4 to 6.6 show the P-values from the Two Sample-T comparisons.
Table 6.4. Mean and Standard Deviation of Soluble Calcium in Basins 4 and 5.
Basin 4 Basin 5
P-valueLocation Ca Avg. 
(mg/L) Std. Dev.
Ca Avg. 
(mg/L) Std. Dev.
Al 48.0 12.8 49.5 16.3 0.6600
A2 47.6 12.4 47.3 15.3 0.9400
A3 47.0 14.4 48.1 15.7 0.7700
A4 47.9 14.3 48.2 15.7 0.9300
ABl 47.0 13.6 48.7 16.9 0.6200
ABE 46.8 13.0 49.3 16.2 0.4600
CLRO 45.2 13.8 45.7 13.9 0.8800
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Average Ca conc. By flow aequence: 
Basins 4 and S, Sep/99 - Jun/00
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Figure 6.19. Mean Soluble Calcium Concentrations in Basins 4 and 5.
All P-values from the Two Sample-T test for soluble calcium concentrations 
were higher than 0.05. This indicates that the mean concentration of soluble calcium in 
basin 4 was not significantly different from that in basin 5.
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Table 6.5. Mean and Standard Deviation of Soluble Magnesium in Basins 4 and 5.
Basin 4 Basin 5
P-valueLocation Mg Avg. 
(mg/L) Std. Dev.
Mg Avg. 
(mg/L) Std. Dev.
Al 60.7 8.0 65.7 11.8 0.0370
A2 61.2 8.6 63.4 10.7 0.3300
A3 59.4 8.7 64.4 8.1 0.0150
A4 60.0 6.9 63.5 10.6 0.0910
ABI 58.1 7.2 66.2 10.6 0.0003
ABE 55.9 6.5 65.3 8.4 0.0000
CLRO 53.3 9.1 57.5 9.7 0.0650
Average Mg conc. By flow sequence: 
Basins 4 and 5, Sep/99 - Jun/00
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Figure 6.20. Mean Soluble Magnesium Concentrations in Basins 4 and 5.
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The Two Sample-T test for soluble magnesium data yielded P-values higher than 
0.05 for locations A2, A4, and CLRO. This indicates that mean concentrations from 
basins 4 and 5 are not significantly different in those tanks. However, P-values below 
0.05 were observed in Al, A3, ABI, and ABE. This indicates that soluble magnesium 
concentrations in those locations are significantly different. The significant difference 
between magnesium concentrations in ABI and ABE of basins 4 and 5 was expected, 
since magnesium hydroxide was added to the aerobic zone of basin 5 during the period 
of investigation. The reasons for the significant difference in concentrations of 
magnesium found in Al and A3 are not known.
Table 6.6. Mean and Standard Deviation of Soluble Potassium in Basins 4 and 5.
Basin 4 Basin 5
P-valueLocation KAvg.
(mg/L) Std. Dev.
KAvg.
(mg/L) Std. Dev.
Al 20.5 3.9 23.3 7.5 0.1900
A2 21.0 3.2 26.2 8.3 0.0260
A3 20.3 3.0 24.8 8.3 0.0530
A4 21.1 3.8 24.2 10.4 0.2700
ABI 18.8 3.0 23.3 7.8 0.0400
ABE 18.1 2.6 20.0 5.7 0.2500
CLRO 17.1 2.3 16.3 2.8 0.3600
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Figure 6.21. Mean Soluble Potassium Concentrations in Basins 4 and 3.
P-values from the Two Sample-T test for soluble potassium concentrations are all 
higher than 0.05, except for tanks A2 and ABI. This indicates that the mean 
concentration of soluble potassium in basin 4 is not significantly different from the 
soluble potassium concentrations in basin 5 for most of the tanks. The reasons for the 
significant difference in potassium concentrations found only in tanks A2 and ABI are 
unknown.
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6.5. Summary and Discussion
For the full-scale CCSD plant, average soluble calcium concentrations were 
found not to correlate with soluble phosphorus concentrations. Mean soluble 
magnesium levels showed moderate correlation (R‘ = 0.5662) with mean OP 
concentrations. Average soluble potassium concentrations showed good correlation (R‘ 
= 0.7914) with soluble phosphorus levels.
The results found are similar to those reported in the literature, where magnesium 
and potassium are believed to serve as the main counter ions for maintaining charge 
balance of PAO’s cell. Calcium has been reported not to play an important role on the 
maintenance of cell equilibrium.
It is important to notice that a fraction of the metals released in the anaerobic 
compartments might have precipitated. Therefore, if precipitation is quantified, future 
research may obtain better correlation between OP and metals released.
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CHAPTER 7
PHOSPHORUS LEACHING DURING SLUDGE HANDLING
Of major importance to the success of EBPR is the proper handling of primary 
and secondary sludges in order to avoid phosphorus release to the return streams. That 
would result in increased phosphorus loading to the EBPR process and would deteriorate 
its performance.
The CCSD wastewater treatment plant uses dissolved air flotation tanks (DAFT) 
to thicken secondary sludge and gravity thickeners to partially dewater primary sludge. 
Both thickened primary and thickened secondary sludges are mixed in a sludge holding 
tank before the mixture is transferred to a conditioning tank, where ferric chloride and 
cationic polymer are added (Figure 3.2). The mixture is then dewatered in the filter 
presses. The filtrate from this process, combined with the bottom sludge from the 
DAFTs, is returned to the EBPR system, at CABI.
The solids handling system of CCSD was performing well until July 2000, when 
a new sludge holding tank with much larger volumetric capacity replaced the older 
tanks. After the installation of the new sludge holding tank, phosphorus concentrations 
considerably increased at CABI. It was then suspected that phosphorus release was 
occurring during sludge handling. With a larger sludge holding tank available.
118
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combined primary and secondary sludges were stored for longer periods. This resulted 
in very high soluble phosphorus concentrations in the returning flow from the sludge 
handling system, negatively affecting the EBPR performance.
The anaerobic conditions provided by the covered sludge holding tank, combined 
with longer retention times, and high soluble substrate concentrations (from the 
thickened primary sludge) offered PAOs (from the thickened WAS) perfect conditions 
for phosphorus release.
In this chapter, the sludge handling system of CCSD will be characterized. In 
addition, laboratory experiments using primary and secondary sludges were performed to 
evaluate the potential of phosphorus release when both sludges are mixed under 
anaerobic conditions and the effects of aeration on phosphorus release by the sludge 
mixture.
7.1. Characterization of the CCSD Sludge Handling System
In order to characterize the sludge handling system of CCSD, grab samples were 
collected from 8 locations and were analyzed for soluble phosphate (OP), soluble COD, 
and solids content in two occasions (November 1“ and 3"*, 2000).
Figures 7.1 and 7.2 show OP, TSS, and soluble COD measurements in the sludge 
handling system on November and 3"*, 2000. Both thickened primary and thickened 
secondary sludges have approximately the same solids content (3.5% solids, on a dry 
weight basis). OP concentrations in the thickened primary sludge were 43.0 mgP/L 
(Figure 7.1 and Table 7.1) and 35.2 mgP/L (Figure 7.2 and Table 7.1). In the thickened 
secondary sludge (supernatant of the DAFT), OP concentrations were 4.3 mgP/L (Figure
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7.1 and Table 7.1) and 13.2mgP/L (Figure 7.2 and Table 7.1). From mass balance, OP 
concentrations in the sludge holding tank should be around 28mg/L (Figure 7.1) and 
26mg/L (Figure 7.2). However, the measured OP concentrations in the sludge holding 
tank were 181.6 mg/L and 303.4mg/L (Table 7.1), indicating OP releases of 153 mg/L 
and 277mg/L, respectively. The data suggests that the high phosphorus release in the 
sludge holding tank was induced by the high soluble organic matter content of the 
primary sludge (819.2 and 544.4 mg soluble COD/L, Figures 7.1 and 7.2, respectively).
The data also showed that part of the phosphate released from the sludge in the 
holding tank was removed after addition of ferric chloride and cationic polymer in the 
conditioning tank, as indicated by the lower OP concentrations measured in the effluent 
of the conditioning tank (110.9 mgP/L and 108.2 mgP/L, Figures 7.1 and 7.2, 
respectively). Concentrations of phosphorus as high as 125 mgP/L (Figure 7.1 and Table 
7.1) were observed in the filtrate from the filter presses that is the liquor that returns to 
the EBPR system at CABI.
Table
OP Concentrations (mgP/L)
Date Th.
Prim. WAS
DAFT
Supem.
DAFT
Bottom
Sludge
Hold.
Tank
Condit
Tank Filtrate
Nov., 1 43.0 0.2 4.3 1.1 181.6 110.9 125.9
Nov., 3 35.2 1.1 13.2 1.6 303.4 108.2 103.8
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Figure 7.1. Diagram o f the sludge handling system at CCSD with OP, soluble C’OD and total solids measurements ( 1 I/O 1/00).
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7.2. Potential of Phosphorus Release from the Sludge
A laboratory experiment simulating the conditions in the CCSD new sludge 
holding tank was carried out to evaluate the potential of phosphorus release from the 
combined primary and secondary sludges. Samples of thickened primary sludge were 
collected from the bottom of the gravity thickener, and thickened secondary sludge was 
collected from the top of the DAFT. Thickened primary and thickened secondary 
sludges were mixed in the laboratory using the ratio of 1.5:1 (primary:secondary, by 
volume), which is approximately the ratio actually used at the CCSD plant. A schematic 
drawing of the reactor used in this experiment is shown in Figure 3.10.
Table 7.2 and Figure 7.3 show sampling time and soluble phosphorus 
concentrations measured in the sludge mixture, thickened primary and thickened 
secondary sludges. OP concentrations in the thickened primary sludge did not change 
consistently during the experiement, averaging 120.9 mgP/L. The measured TP 
concentration was 214 mgP/L (Table 7.3), and the initial phosphorus content of the 
thickened primary sludge was approximately 1.8% (Table 7.3).
The thickened secondary sludge had a TP concentration of 1585 mgP/L and 
initial phosphorus content of 4.6% (Table 7.3). The ratio between phosphorus content in 
the thickened primary and the phosphorus content in the secondary sludges (1.8/4.6) is 
approximately 30%, which is very close to the percentage of phosphorus removed in the 
primary clarifiers (discussed in chapter 4 of this thesis).
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Table 7.2. OP Concentrations in the Thickened Primary (Th. Pr.), Thickened Secondary 
Sludge (Th. WAS), and Combined Sludge (Mix).
Time (hr) Th. WAS (mgP/L) Th. Pr. (mgP/L) Mix. (mg/L)
0.0 41.2 113.0 84.3
0.5 43.3 113.0 141.2
1.0 45.4 113.0 -----
1.5 45.4 ----- 171.0
2.0 37.1 131.9 196.5
3.0 41.2 113.0 203.1
4.0 ----- 136.8 209.9
5.0 56.5 122.3 209.9
6.0 45.4 113.0 216.7
7.0 58.8 117.6 -----
8.0 63.5 122.3 268.4
9.0 70.9 127.0 284.5
10.0 81.3 127.0 336.9
11.0 78.6 136.8 318.7
12.0 — . . . 356.1
23.0 154.6 122.3 327.7
24.0 158.9 122.3 356.1
25.0 158.9 103.9 336.9
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Figure 7.3. OP Concentrations in the Mix., Thickened Primary and Secondary Sludges 
versus Time.
Table 7.3. Initial P Content, OP and TP Concentrations in the Primary, Secondary, and 
Combined Sludges.
Sludge Init. OP (mg/L)
Total-F
(mg/L)
Init. P Content on a 
Dry Basis (%)
Primary 113.0 214 1.8
Secondary 41.2 1585 4.6
Mixture 84.3 762 4.1
Soluble phosphorus concentrations in the thickened secondary sludge gradually 
increased during the first 12 hours of the experiment (firom 41.2 to 78.6 mgP/L). After 
25 hours, soluble phosphorus concentrations in the thickened secondary sludge reached 
158.9 mgP/L (Figure 7.3). The carbon source supporting this phosphorus release is 
believed to have been generated fi^m cell lyasis.
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A steep increase in soluble phosphorus concentrations was obser\'ed in the 
combined sludge during the first 12 hours of the experiment, as OP concentrations 
reached values as high as 356.1 mgP/L, which correspond to a release of 271.8 mgP/L 
when compared to the initial OP concentration of 84.3 mg/L. After 12 hours, soluble 
phosphorus concentrations seemed to stabilize (Figure 7.3), probably because of 
exhaustion of carbon source by the biomass.
The percent phosphorus release (%P Release) in the reactor at time i was 
calculated by subtracting the initial phosphorus content (%P) of the sludge (at t = 0) from 
the %P at time t and dividing the result by the initial %P. Figure 7.4 shows the %P and 
the %P Release with time. Figure 7.4 suggests that almost 40% of the phosphorus 
removed in the EBPR process can be released and returned to the system, if primary and 
secondary sludges are combined and stored under anaerobic conditions for 12 hours.
%P release and %P in the Sludge vs. Time
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Figure 7.4. Phosphorus Content (%P) and Percentual Phosphorus Release (%P Release) 
in the Combined Sludge.
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7.3. Minimization of Phosphorus Release through Aeration
Two laboratory experiments using primary and secondary sludges were carried 
out in order to evaluate the effectiveness of aeration in minimizing phosphorus leaching 
from the sludge. Secondary and primary sludges were placed into separate reactors. A 
mixture of secondary and primary sludges, using the volumetric ratio of 1.5:1 
(primary.secondary), was placed into two glass reactors. One reactor containing the 
mixture was aerated with compressed air and continuously mixed with a mechanical 
stirrer (Figures 3.11 and 3.12). The other reactor containing the mixture was kept 
closed, without aeration. Samples were collected every half an hour and analyzed for 
OP after filtration through a 1.2pm fiber-glass filter.
Figure 7.5 and 7.6 show OP concentrations in samples collected from the reactors 
containing thickened secondary (Th. WAS), thickened primary (Th. Pr.), aerated 
(Aerated Mix) and non-aerated (Non-Aerated Mix.) sludge mixtures measured in two 
experiments.
Thickened WAS released approximately 20 mg/L of phosphate during the first 
two hours of both experiments (Figures 7.5 and 7.6). After that, phosphate release from 
thickened WAS was also observed, however, at a much smaller rate. OP concentrations 
in the reactor containing thickened primary sludge did not change significantly during 
the experiment (Figure 7.5).
Concentrations of OP in the reactors containing the aerated and the non-aerated 
sludge mixtures increased sharply with time (Figures 7.5 and 7.6). However, OP 
concentrations in the aerated mixture were approximately 25mg/L less than those 
measured from the non-aerated mixture during the entire experiment, suggesting that
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aeration inhibited OP release. In order to confirm this, during the second experiment, 
aeration was stopped and samples firom the two mixtures were collected and analyzed 
after 2 hours (Figure 7.6). Concentrations from the two mixtures were similar, which 
confirms the inhibiting effect of aeration on OP release from sludge.
Although aeration halts P leaching, the amount of air needed to perform such an 
operation may be prohibitively expensive. Therefore, other alternatives should be 
evaluated. Possible alternatives include operating the filter presses for longer periods (so 
that contact time between primary and secondary sludges would be minimized), and 
storing primary and secondary sludges separately, mixing them only in the conditioning 
tank.
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Figure 7.5. OP Concentrations from Thickened WAS, Thickened Primary Sludge, 
Aerated Mixture and Non-Aerated Mixture versus Time.
Reproduced with permission of the copyright owner. Further reproduction prohibited w ithout permission.
129
210
180
150t 120
-  90 &
O 60
30
0
Ortho-P V». Time
Aeration Stopped
. A
____________ _
2 3 4
Time (hr)
-Th. WAS -Aerated Mix Non-Aerated Mix
Figure 7.6. OP Concentrations from Thickened WAS, Aerated Mixture and Non- 
Aerated Mixture versus Time.
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7.4. Summary and Discussion
Proper handling of sludge from EBPR systems, which contains phosphorus 
removed by luxury uptake by PAOs, is of major concern to the performance of those 
system. PAOs can release much of the removed phosphorus if submitted to anaerobic 
conditions in the presence of soluble substrate. At CCSD, primary and secondary 
sludges are mixed in the sludge holding tank under anaerobic conditions during sludge 
treatment. As a result, as much as 125 mg/L ortho-phosphate was measured in the return 
stream to the EBPR system. Laboratory experiments using sludge from CCSD showed 
that as much as 40% of the phosphorus removed in the EBPR system might be released 
if primary and secondary sludges are mixed under anaerobic conditions for a 12-hour 
period. Therefore, inadequate sludge handling results in very undesirable conditions 
where the phosphorus accumulated by the microbes is released back into the system, 
defeating the purpose of the biological phosphorus removal process.
It is suggested that alternative measures be considered in order to minimize 
phosphorus release during sludge handling at CCSD. Complete separation of dewatering 
processes for primary and secondary sludges is not advantageous because certain 
volumetric ratios of the sludges must be mixed to allow for good performance of the 
filter presses. However, contact time between primary and secondary sludges could be 
minimized by decreasing the retention time in the sludge holding tank. That could be 
accomplished, for example, by operating the filter presses for longer periods.
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CHAPTERS
IDENTIFICATION OF POTENTIAL FACTORS AFFECTING THE PERFORMANCE
OF THE EBPR AT CCSD
During the period of the investigation, P excursions were observed in the 
secondary clarifier effluents of all basins (Figures 8.1 and 8.2). Most basins showed 
peaks of effluent TP concentrations close to I mg/L on two occasions (Figures 8.1 and 
8.2), one during the third week of October/99 (herein referred to as Peak I), and another 
in the end of November/99 (herein referred to as Peak 2). Only after January/00, effluent 
TP concentrations stabilized below the discharge permit (0.5 mgP/L).
TP includes both the phosphorus contained in the solids and the dissolved 
phosphorus (OP). Therefore, concentrations of TSS and OP are the two factors 
concerning TP effluent concentrations. It is then important to determine which factor 
was affecting effluent TP levels the most, high solids concentrations or high soluble 
phosphorus.
Effluent TSS concentrations were high for most basins during the month of 
October/99 (Figures 8.3 and 8.4), whereas OP concentrations did not show a distinctive 
peak during the same period for most basins (Figures 8.5 and 8.6). This suggests that 
TSS concentrations had a stronger effect on TP concentrations, when compared to that of 
OP during the month of October/99 (Peak I ).
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Figure 8.1. Effluent TP Concentrations of Secondary Clarifiers versus Time for 
Basins 1 to 4.
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Figure 8.2. Effluent TP Concentrations of Secondary Clarifiers versus Time for 
Basins 5 to 8.
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Figure 8.3. Effluent TSS Concentrations of Secondary Clarifiers versus Time for 
Basins 1 to 4.
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Figure 8.4. Effluent TSS Concentrations of Secondary Clarifiers versus Time for 
Basins 5 to 8.
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Figure 8.5. Effluent OP Concentrations of Secondary Clarifiers versus Time for 
Basins 1 to 4.
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Figure 8.6. Effluent OP Concentrations of Secondary Clarifiers versus Time for
Basins 5 to S.
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Effluent OP concentrations showed a well-defined peak in the end of November 
for all basins (Figures 8.5 and 8.6), which matches the TP profile during the same period. 
Whereas effluent TSS concentrations do not show distinctive peaks at that time, for most 
basins (Figures 8.3 and 8.4). This indicates that, unlike Peak 1, Peak 2 (high effluent TP 
concentrations in the end of November/99) was the result of high effluent OP 
concentrations (Figures 8.5 and 8.6). This interpretation is evidenced by calculating the 
percentage of soluble phosphorus (OP) present in the effluent. When Peak 2 was 
observed, OP accounted for over 80% of the total-phosphorus in the effluent for all 
basins.
Apparently, high effluent TP concentrations at CCSD are basically caused by two
factors:
1. Inadequate EBPR performance, resulting in high effluent OP concentrations.
2. Deficient secondary clarifier performance, resulting in high effluent TSS 
concentrations.
Thus, TSS and OP effluent concentrations are not necessarily related. The two 
factors causing high TP concentrations can then be evaluated separately.
8.1. Inadequate EBPR Performance
The following is a list of potential factors affecting EBPR performance at CCSD:
1) Mixed liquor suspended solids (MLSS) concentration in the system.
2) BOD concentrations in the influent (at CABI).
3) Influent TP concentrations (at CABI).
4) Influent wastewater flow.
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5) TSS concentrations in the RAS (RASSS).
6) Nitrate (NO 3 ) concentrations in the RAS.
7) OP release in secondary clarifiers due to low DO concentrations.
In order to evaluate the effects of MLSS, influent BOD, influent TP, influent 
flow, and RAS suspended solids concentration of all basins (except for basin 7 that was 
empty during the time of this investigation), two-Sample T statistical tests were 
performed (using the software Minitab 12). In addition, the same test was carried out for 
effluent TP and OP concentrations, in order to confirm whether the system performance 
for phosphorus removal was significantly affected. Data for the assessment of the 
effects of nitrate in the RAS and OP release in the secondary clarifier on the system 
performance were available only for basin 4 (sampled and analyzed by UNLV), since 
these factors are not routinely monitored by the plant laboratory. The evaluation of these 
factors is discussed later in this chapter.
For the Two-Sample T test, data were separated into two groups and their means 
were compared using a 95% confidence interval. Group 1 comprises data from 
September 30,1999 to January 8, 2000, which was the period when TP excursions were 
caused by high OP concentrations. Group 2 includes data from January 9, 2000 to June 
16, 2000, which was the period when P concentrations stabilized below the permit. A 
summary of the results from the Two-Sample T test is shown in Table 8.1.
The following hypothesis were tested for each basin in the statistical test:
a) Ho : the mean of Group I is not significantly different from the mean of Group 2.
b) Hi : means of groups 1 and 2 are significantly different.
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In the Two Sample-T test, a P-value, which measures the probability supporting 
the null hypothesis, is generated. In this study, a 95% confidence interval was used. 
Therefore, P-values higher than 0.05 indicate that the null hypothesis (which assumes the 
mean of Group 1 to be the same as that of Group 2) should be accepted. P-values below 
0.05 indicate that Ho should be rejected.
During the period with P excursions, effluent TP and OP concentrations were 
significantly higher in all basins, confirming that the system performance was 
significantly affected. MLSS concentrations of all basins were significantly lower 
during the period with P excursions (Group I). BOD concentrations in CABI during the 
period of Group 1 were significantly lower. No significant difference in the influent TP 
and OP concentrations between the groups I and 2 were observed, suggesting that P 
excursions were not a result of unusual high phosphorus loadings during that period. 
The wastewater flow was not significantly different for groups 1 and 2. RASSS 
concentrations of Group 1 were significantly lower than those of Group 2 only in basins 
2 and 4. Factors that showed means of groups 1 and 2 significantly different for all 
basins were discussed below in more detail in order to evaluate their effects on the 
effluent OP concentrations.
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8.1.1. Effects of MLSS Concentration on Effluent OP Concentrations
Figures 8.7 to 8.12 show MLSS, and effluent concentrations of TP and OP from 
secondary clarifiers of basins 1 to 6. Statistical tests (Table 8.1) indicated that the mean 
MLSS concentrations during the period with P excursions (Group 1) were significantly 
lower than those observed during the period with low effluent phosphorus concentrations 
(Group 2) for 6 basins (Table 8.2).
Table 8.2. Mean MLSS Concentrations of Basins 1 to 6 for Groups 1 and 2.
Basin 1 2 3 4 S 6
MLSS for Group 1 (mg/L) 2177 2035 2043 1938 2119 2021
MLSS for Group 2 (mg/L) 2472 2772 2291 2206 2714 2378
MLSS concentrations can be considered as an indirect measure of the 
concentration of microorganisms in the system, since most of the solids present are 
actually microbes. In biological wastewater treatment systems, a minimum amount of 
microorganisms is necessary to assure good effluent quality. The required amount of 
microorganisms varies with temperature, carbon source, and desired effluent quality. 
For biological phosphorus removal, the MLSS concentration has to be sufficient to 
ensure good uptake of phosphorus at the expense of PHA use. Table 8.2 shows that all 
basins had mean MLSS concentrations below 2200 mg/L during P excursions, 
suggesting that MLSS concentrations should be maintained at levels above 2200 mg/L at 
the CCSD plant in order to obtain acceptable effluent phosphorus concentrations.
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Figure 8.10. MLSS, TP, and OP Concentrations in CLRO versus Time for Basin 4.
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Figure 8.12. MLSS, TP, and OP Concentrations in CLRO versus Time for Basin 6.
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8.1.2. Effects o f Influent BOD on Effluent OP Concentrations.
Figures 8.15 to 8.20 show influent BOD concentrations, TP and OP 
concentrations in the secondary clarifier effluent of basins 1 to 6. Statistical tests (Table 
8.1) indicated that the mean influent BOD to the EBPR system during the period with P 
excursions (Group 1) were significantly lower than those observed during the period 
with low effluent phosphorus concentrations (Group 2).
Sufficient amount of volatile fatty acids (VFAs) in the influent to the 
anoxic/anaerobic zones of biological phosphorus removal systems is necessary to 
promote significant phosphorus release with formation of PHAs. In the aerobic tanks, 
phosphate accumulating organisms (PAOs) take up phosphorus from the solution using 
PHAs as energy source. Assuming BOD as an indirect measurement of VF As, a certain 
BOD concentration is necessary to ensure good phosphorus removal. If there is not 
sufficient readily biodegradable organic matter in the influent to the system, PAOs 
cannot store much PHAs, and hence, cannot take up much phosphorus in the aerobic 
zones. Phosphate uptake in aerobic zones is then dependent on the phosphate release 
occurring in anaerobic zones.
Figure 8.13 shows overall OP release and OP uptake in the anaerobic and aerobic 
tanks of basin 4, respectively. The overall OP release was calculated by subtracting the 
influent OP to the system (including loadings fi-om CABI and RAS) from OP 
concentrations in A4. Overall OP uptake was calculated by subtracting OP 
concentrations in ABE from OP concentrations in A4. The lines shown in Figure 8.13 
follow very similar trends, which suggests linear correlation between the parameters.
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This hypothesis is confirmed by Figure 8.14, that shows OP release versus OP uptake 
and the value of 0.78, which indicates reasonable correlation.
OP release (A4-CABI) and OP uptake (ABE-A4) vs. Time; Basin#4
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Figure 8.13. Overall OP Release and Overall OP Uptake versus Time in Basin 4.
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Figure 8.16. Influent BOD, TP, and OP Concentrations in CLRO versus Time for 
Basin 2.
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Figure 8.17. Influent BOD, TP, and OP Concentrations in CLRO versus Time for 
Basin 3.
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Figure 8.19. Influent BOD Concentrations, TP, and OP Concentrations in CLRO 
versus Time for Basin 5.
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Figure 8.20. Influent BOD, TP, and OP Concentrations in CLRO versus Time for 
Basin 6.
The data suggest that influent BOD concentrations to the EBPR system of CCSD 
are important to the plant perfomance. Therefore, it is essential that ferric chloride 
addition to the primary clarifiers be controlled in order to avoid removing too much 
BOD and to ensure sufficient organic matter for PAOs in the EBPR system.
8.1.3. OP Release in Secondary Clarifiers due to Low DO Concentrations
Low dissolved oxygen (DO) concentrations were observed in the secondary 
clarifier of basin 4 (Figure 4.1), which may be of concern regarding P excursions, since 
anaerobiosis is conducive to phosphorus release from the sludge. In order to investigate 
this hypothesis, it is necessary to compare OP concentrations entering the secondary 
clarifier and effluent OP concentrations. The influent to secondary clarifiers is the same
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as the effluent of the aeration basin (ABE). Figure 8.21 shows OP concentrations in 
ABE and clarifier effluent (CLRO) of basin number four. Effluent OP concentrations of 
the secondary clarifier 4 were rarely higher than influent OP concentrations during the 
entire investigation. This indicates that OP release in the secondary clarifier was not a 
significant factor directly affecting the TP excursions observed in the end of the year 
1999.
OP at ABE and CLRO vs. Time Basin#4
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Figure 8.21. OP Concentrations at ABE and CLRO versus Time for Basin 4.
The OP profile (Figure 4.1) suggests that phosphorus release occurred in the 
secondary clarifier 4 in some occasions (OP concentration in the RAS higher than those 
at CLRO). However, if the phosphorus is released while the sludge remains in the 
clarifier, it is likely that OP concentrations at CLRO would be higher than those at ABE, 
which was not observed in Figure 8.21 for most of times. This suggests that phosphorus
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release occurs during the handling of the RAS from the bottom of the clarifier to the 
anaerobic tank.
8.1.4. Effects of Nitrate Concentrations on Effluent P Concentrations
The nitrate profile shown in Figure 4.4 indicates high variability in nitrate 
concentrations in the return activated sludge (RAS). This suggests that denitrification 
took place in the secondary clarifier 4. However, the conditions controlling the extent of 
denitrification in the secondary clarifiers are not well understood at CCSD.
Nitrate concentrations in secondary clarifiers and in the RAS may be of concern 
regarding P excursions. Very low concentration of nitrate in the RAS (indicating 
consumption of nitrate by a strong denitrification process in the clarifier) is likely to be 
detrimental to the system perfomance, since nitrogen gas bubbles resulting from 
denitrification may increase effluent TSS and TP concentrations by raising phosphorus­
laden solids from settled sludge in the bottom of the clarifiers. However, high 
concentrations of nitrates in the RAS (resulting from weak denitrification in secondary 
clarifiers) might have a negative effect on the biological removal of phosphorus, due to 
competition for volatile fatty acids (VFAs) between denitrifying organisms and 
phosphate-accumulating organisms (PAOs) in the anaerobic stages of the process.
Figure 8.22 shows nitrate concentrations in the RAS (RAS-N03) and TP 
concentrations at CLRO (CLRO-TP). RAS-N03 and CLRO-TP started increasing in the 
end of September 99 concomitantly reaching a maximum in the middle of November 99. 
RAS-N03 concentrations were separated into groups 1 and 2 (using the same periods 
described in section 8.1 of this chapter), and the two sample-T test was carried out.
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indicating significant difference between means of groups 1 and 2. This suggests that 
high RAS-N03 (due to weak denitrification in the clarifier 4) significantly affected 
effluent TP concentrations.
RAS-N03 and CLRO-TP vs. Tims: Badn#4
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Figure 8.22. Nitrate in the RAS (RAS-N03) and TP in the Secondary Clarifier 
Effluent (CLRO-TP) versus Time for Basin 4.
Figure 8.23 shows nitrate concentrations in the anaerobic compartment A1 (Al- 
N03), RAS-N03, and OP concentrations at CLRO (CLRO-OP). In spite of the dilution 
of RAS with CABI (with low N03 concentrations) it is evident from Figure 8.23 that 
nitrate concentrations in the RAS were sufficiently high to affect nitrate concentrations 
in Al.
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RAS-N03, CLRO-OP and A1-N03 vsTime: Basin#4
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Figure 8.23. OP Concentrations in the Secondary Clarifier Effluent, Nitrate 
Concentrations in Al and RAS versus Time, Basin 4.
Figure 8.24 shows nitrate concentrations in the anaerobic compartments Al and 
A2. During the period with P excursions (fi-om the end of September, 1999 to the 
beginning of January, 2000) A1-N03 were much higher than those at A2. This indicates 
that consumption of most of the additional nitrate load to the anaerobic zones took place 
in the initial anaerobic compartment (Al). OP profile shown in Figure 4.7 indicates that 
it is also at Al that most of the phosphorus release occurs. Therefore, high RAS-N03 
concentrations should be avoided in order to allow more organic matter to be consumed 
by PAOs and not for denitrifiers.
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Figure 8.24. Nitrate Concentrations in the Anoxic/Anaerobic Tanks AI and A2 versus 
Time for Basin 4.
Figure 8.25, a plot of RAS-NO3 and effluent TSS concentrations (CLRO-TSS), 
was built in order to evaluate the effects of denitrification on the effluent TSS 
concentrations. Nitrate concentrations in the RAS did not parallel effluent TSS 
concentrations.
A better parameter that can be used to investigate the occurrence of 
denitrification in the secondary clarifiers is the “calculated denitrification” (Calc. Denit.), 
as follows:
Calc. RAS-N02. = ABE-NQ3 * (Basin Flow + RAS Flowi -  CLRQ-N03 * Basin Flow
RAS Flow
Calc. Denit. = Calc. RAS-N03 - RAS-N03 Measured
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Figure 8.26 shows calculated denitrification (Calc. Denit.) in the secondary 
clarifier of basin 4 and the effluent TSS concentrations.
CLRO-TSS an d  RAS-N03 v& Time: Baain 4
=  15.0
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Figure 8.25. Effluent TSS and Nitrate Concentrations in the RAS versus Time, Basin 
4.
Although linear regression analysis for the data shows no correlation between 
Calc. Denit. and effluent TSS concentrations (R“ = 3E-05), Figure 8.26 suggests that the 
strong denitrification observed in the beginning of December 1999 may have caused a 
peak in the effluent TSS concentrations. This indicates that severe denitrification in the 
secondary clarifiers may negatively affect effluent TSS concentration, and hence TP 
concentrations. This fact has been investigated by Becker (2000) for the CCSD plant, 
and results showed that strong denitrification in the secondary clarifiers was related to an 
increase in effluent TSS concentrations.
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Calc. Denit in RAS and CLRO-TSS v& Time; Baain#4
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Figure 8.26. Calculated Denitrification (Calc. Denit.) in the Secondary Clarifier and 
Effluent TSS Concentrations versus Time, Basin 4.
The data suggested that RAS-N03 is an important factor concerning the EBPR 
performance at CCSD. Figure 8.27 shows suspended solids and nitrate concentrations in 
the RAS. The lines plotted in Figure 8.27 clearly follow symmetric trends, suggesting 
correlation. To confirm this, linear regression was performed (Figure 8.28). The R‘ 
value of 0.617 indicates good inverse correlation between concentrations of nitrates and 
suspended solids in the RAS. The higher the RAS suspended solids concentration, the 
lower the nitrate concentrations, indicating that more denitrification occurred. Thus, 
RAS suspended solids concentration may serve as a good parameter for controlling 
denitrification in secondary clarifiers.
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Figure 8.27. Nitrate Concentrations in the RAS (RAS-NO3) and TSS Concentrations in 
the RAS (RASSS) versus Time for Basin 4.
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Figure 8.28. Nitrate Concentrations in the R A S  (R A S -N O 3 )  versus TSS Concentrations 
in the R A S  (RASSS), Basin 4.
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8.2. Discussion
The CCSD enhanced biological phosphorus removal (EBPR) system performs 
well, maintaining effluent total-phosphorus (TP) concentrations below 0.5 mgP/L most 
of the time. However, phosphorus excursions are occasionally observed. Identified 
causes of phosphorus excursions at CCSD include low influent BOD concentrations, 
high nitrate concentrations in the RAS, low MLSS concentrations, and high effluent TSS 
concentrations (due to poor settling and denitrification in the secondary clarifiers).
In some occasions, phosphorus excursions are caused by poor removal of soluble 
phosphorus in the EBPR system of CCSD. High effluent soluble phosphorus 
concentrations might result from poor phosphorus release in the anaerobic zones and/or 
poor phosphorus uptake in the aeration basin. The data suggested that low influent BOD 
to the EBPR system may cause phosphorus excursions. Ferric chloride addition during 
primary clarification at CCSD, results in additional removals of solids, TP and BOD 
before the wastewater is pumped to the EBPR system. This removal in the primary 
clarifier decreases the BOD loading to the activated sludge system. This decreased 
loading results in less aeration requirements for BOD oxidation. Reducing aeration 
requirements are important, since aeration is the most expensive stage of activated 
sludge systems. However, excessive BOD removal during primary clarification will 
result in less fermentable BOD available for biological phosphorus removal. Therefore, 
it is important that CCSD find an optimum dosage of ferric chloride that would remove 
additional BOD but would also allow sufficient organic substrate in the wastewater for 
PAOs to efficiently remove phosphorus.
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The data also identified the occurrence of denitrification in the secondary 
clarifiers of CCSD as a result of low DO concentrations. Strong denitrification in 
secondary clarifiers may be detrimental to the system performance, because it leads to 
increased phosphorus-laden solids to the effluent, increasing effluent TSS and 
consequently increased TP concentrations. Moderate denitrification in secondary 
clarifiers may be beneficial, as lower nitrate concentrations are returned to the anaerobic 
zones in the RAS, favoring phosphorus release rather than denitrification in the 
anaerobic zones. Therefore, denitrification in the secondary clarifiers of CCSD should 
be controlled, in order to maximize removal of nitrates, without promoting lifting of 
solids by nitrogen gas bubbles. The suspended solids concentration in the RAS was 
observed to correlate with nitrate concentrations, indicating that TSS concentration in the 
RAS may serve as an effective parameter for controlling denitrification in secondary 
clarifiers.
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pH, Alkalinity, TP, OP, NR,, N O 2 , N O 3 , TKN, TSS, and COD in Basin # 4
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CD
CD■D
O
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C
aO3
"O
O
CD
Q.
■D
CD
C /)
C /)
PH Alk. TotaLP Oriho-P NH4 N 0 2 N 0 3 N 0 2 N 0 3 TKN TSS COD
Date Locadon
(Mg/L) (mgP/L) (mg P/L) (agN /L ) (mgN/L) (mg N/L) (mg N/L) (m g N/L) (mg/L) (mg/L)
2000/01/21 AB4 CABI 7.23 266 2.05 1.30 30.17 0.08 0.58 0.50 34.7 74 122.8
2000/01/21 AB4 Al 7.00 232 2.54 2.06 19.20 0.51 0.78 0.27 1970 44.4
2000/01/21 AB4 A2 6.95 230 3.22 2 5 * 19.84 0.10 0.29 0.19 1815 53.0
2000/01/21 AB4 A3 6.98 226 2.63 2.13 18.40 0.08 0.41 0.33 1790 44.4
2000/01/21 AB4 A4 6.95 225 3.74 2.99 17.85 0.09 0.50 0.41 1855 47.3
2000/01/21 AB4 ABl 6.79 155 0.40 0.24 6.74 0 7 8 8.92 8.14 1955 38.4
2000/01/21 AB4 ABE 6.76 124 0.20 0.04 0.08 0 7 9 14.18 13.39 1680 25.6
2000/01/21 AB4_CLRO 6.67 129 0.11 0.09 0.08 0.39 12.54 12.16 1.1 1 11.3
2000/01/21 AB4 RAS 141 0.27 0.16 0.27 1.29 7.95 6.66 5385 32.1
2000/01/26 AB4 CABI 7.18 233 2.32 1.32 29.23 0.18 0.61 0.43 31.4 86 132.8
2000/01/26 AB4 Al 7.04 238 2.72 1.84 23.32 0.61 0.94 0.33 1610 63.8
2000/01/26 AB4 A2 7.06 217 305 2.14 22.05 0.12 0.48 0.36 2050 53.0
2000/01/26 AB4_A3 7.06 228 3.25 2.36 21.24 0.08 0.26 0.18 1930 53.0
2000/01/26 AB4 A4 7.04 223 4.18 3.02 22.02 0.08 0.47 0.39 1980 53.0
2000/01/26 AB4 ABl 6.91 145 0.26 0.12 7.91 0 95 10.23 9.27 1795 32.1
2000/01/26 AB4 ABE 6.88 110 0.08 0.02 1.22 1.41 15.62 14.21 1675 25.6
2000/01/26 AB4 CLRO 6.77 119 0.10 0.06 0.21 0.80 12.84 12.05 0.6 3 22.2
2000/01/26 AB4 RAS 3.04 2.51 2.95 1.00 4.05 3.05 6690 38.4
2000/01/28 AB4 CABI 7.44 262 3.07 1.99 33.32 0.08 0.45 0.37 34.4 88 132.8
2000/01/28 AB4 Al 7.16 210 3.16 2.24 22.22 0.54 1.17 0.63 1395 22.2
2000/01/28 AB4 A2 7.09 228 3.06 2 15 19.23 0 25 0.60 0.35 1830 53.0
2000/01/28 AB4_A3 7.18 217 3.27 2.26 19.73 0 2 3 0.45 0.22 1820 47.3
2000/01/28 AB4_A4 7.15 216 4.81 3 8 3 18.45 0.08 0.43 0.35 1725 44.4
2000/01/28 AB4 ABl 7.00 157 0.83 0.54 6.30 0.77 9.01 8.24 1695 28.9
2000/01/28 AB4 ABE 6.95 114 0.14 0.03 0.13 0.69 14.13 13.44 1665 25.6
2000/01/28 AB4 CLRO 6.83 124 0.14 0.11 0.08 0.36 12.59 12.23 0.7 7 22.2
2000/01/28 AB4 RAS 144 1.13 0.64 0.38 0.96 8.51 7.55 5440 38.4
2000/02/02 AB4 CABI 7.30 256 2.68 1.93 29.60 0.08 0.45 0.37 32.8 92 122.8
2000/02/02 AB4_A1 7.24 227 3.54 3.11 18.47 0.50 1 03 0.54 1720 58.5
2000/02/02 AB4 A2 7.18 230 3.97 3.60 18.65 0.08 0 2 7 0.19 1810 53.0
2000/02/02 AB4 A3 7.20 232 4.28 3.79 18.73 0.08 0.26 0.18 1700 47.3
2000/02/02 AB4 A4 7.17 228 5.11 4.80 18.62 0.08 0 2 7 0.19 1645 44 4
2000/02/02 AB4 ABl 6.99 159 0.77 0.60 6.33 0.86 8.70 7.84 2115 25.6
2000/02/02 AB4 ABE 7.09 122 0.16 0.10 0.18 0.84 13.66 12.82 1365 22.2
2000/02/02 AB4 CLRO 6.91 129 0.16 0.10 0.08 0.28 11.91 . 11.63 0.7 1 18.7
2000/02/02 AB4 RAS 142 0.70 0.35 0.29 0.88 7.37 6.48 5475 41.4
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pH Al k Total-P Ortlio-P NH4 N 02 N 0 3 N 0 2 N 03 TKN TSS COD
Date LocaUon
(Mg/L) (MgP/L) (M gP/L) (MgN/L) (MgN/L) (mg N/L) (m gN/L) (m gN/L) (mg/L) (mg/L)
2000/03/10 AB4 CABI 7.36 261 3.38 2.67 28.61 0.08 0.45 0.37 28.1 50 83.2
2000/03/10 AB4 A l 7.30 232 3.29 2.70 19.86 0.19 0.37 0.19 1680 61.2
2000/03/10 AB4 A2 7.24 226 3.30 2.73 17.77 0.08 0.35 0.27 2190 58.5
2000/03/10 AB4 A3 7.23 225 3.58 3.05 18.19 0.08 0.18 0.10 2195 55.8
2000/03/10 AB4 A4 7,22 201 5.03 4.53 16.78 0.08 0.18 0.10 2155 50.2
2000/03/10 AB4 ABl 7.08 175 1.27 0.92 7.51 0.19 5.74 5.55 2125 32.1
2000/03/10 AB4 ABE 7.03 131 0.17 0.01 0.15 0.16 11.61 11.44 2170 35.3
2000/03/10 AB4 CLRO 6.95 138 0.21 0.11 0.08 0.14 9.44 9.30 0.9 9 28.9
2000/03/10 AB4 RAS 153 1.56 0.70 0.44 0.20 5.42 5.22 6225 58.5
2000/03/13 AB4 CABI 7.44 268 2.92 2.32 31.78 0.08 0.33 0.25 27.8
2000/03/1S AB4 Al 7.35 240 4.64 3.90 23.85 0.09 0.20 0.11
2000/03/13 AB4 A2 7.15 234 4.62 3.96 20.36 0.08 0.24 0.16
2000/03/13 AB4 A3 7.26 230 4.80 4.22 20.79 0.08 0.19 0.11
2000/03/13 AB4 A4 7.24 228 5.35 4.85 20.55 0.08 0.13 0.05
2000/03/13 AB4 ABl 7.16 178 0.99 0.73 9.00 0.21 6.05 5.83
2000/03/13 AB4 ABE 7.11 123 0.17 0.09 0.19 0.23 13.17 12.93
2000/03/13 AB4_CLRO 7.00 134 0.17 0.12 0.08 0.11 10.78 10.67 1.3
2000/03/13 AB4 RAS 141 0.68 0.18 0.16 0.09 7.64 7.55
2000/03/17 AB4 CABI 7.52 259 2.53 1.65 32.51 0.08 0.32 0.24 35.0 82
2000/03/17 AB4_AI 7.36 242 4.07 3.52 25.80 0.17 0.31 0.14 1510
2000/03/17 AB4 A2 7.14 232 4.27 3.75 21.39 0.08 0.17 0.09 2085
2000/03/17 AB4 A3 7.26 230 4.32 3.82 21.07 0.08 0.28 0.20 2010
2000/03/17 AB4 A4 7.23 229 4 58 4.14 20.22 0.08 0.25 0.17 2220
2000/03/17 AB4 ABl 7.13 173 0.68 0.40 8.60 0 2 3 6.85 6.62 2180
2000/03/17 AB4_ABE 6.94 123 0.16 0.02 0.32 0.32 13.52 13.21 2200
2000/03/17 AB4 CLRO 6.93 132 0.17 0.07 0.08 0 0 9 11.47 11.39 1.0 15
2000/03/17 AB4 RAS 142 0.51 0.17 0.22 0.08 7.06 6.98 6600
2000/03/22 AB4 CABI 7.02 262 2.55 1.84 30.37 0.08 0.33 0.25 34.1 54 127.9
2000/03/22 AB4 Al 6.98 243 4.19 4.37 23.61 0.08 0.11 0.03 2000 73.8
2000/03/22 AB4 A2 6.70 241 8.49 7.14 22.79 0.08 0.13 0.05 2030 71.3
2000/03/22 AB4 A3 6.93 237 9.53 6.09 23.09 0.08 0.17 0.09 2000 63.8
2000/03/22 AB4 A4 6.92 236 1001 6.75 22.19 0.08 0.13 0.05 2000 63.8
2000/03/22 AB4 ABl 6.86 170 1.15 0.87 8.68 0.28 7.77 7.49 2195 25.6
2000/03/22 AB4 ABE 6.77 126 0.10 0.03 1.10 0.58 13.81 13.23 2050 35.3
2000/03/22 AB4 CLRO 6.71 131 0.11 0.06 0.15 0 11 12.32 12.22 1.2 4 25.6
2000/03/22 AB4 RAS 137 0.36 0.09 0.50 0.17 9.52 9.36 4530 38.4
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pH Alk. TotaLP Oftho-P NH4 N 0 2 N 0 3 N 0 2 N 0 3 TKN TSS COD
Date Location
(Mg/L) (MgP/I.) (M gP/L) (MgN/L) (MgN/L) (mg N/L) (mg N/L) (mg N/L) (mg/L) (mg/L)
2000/03/24 AB4 CABI 7.03 263 2.95 1.88 30.32 0.08 0.31 0.23 34.5 74 129.6
2000/03/24 AB4 Al 7.11 242 3.43 2.76 22.08 0.27 0.10 -0.17 1355 78.6
2000/03/24 AB4 A2 6.66 229 3.39 2.44 18.60 0.08 0.08 0.00 2130 55.8
2000/03/24 AB4 A3 7.02 227 3.99 2.99 17.86 0.08 0.22 0.14 2020 53.0
2000/03/24 AB4 A4 6.99 226 4.91 3.90 17.30 0.08 0.08 0.00 2100 50.2
2000/03/24 AB4_ABI 6.85 171 0.68 0.38 8.03 0.23 6.24 6.01 2185 25.6
2000/03/24 AB4_ABE 6.80 127 0.15 0.04 0.11 0 17 12.98 12.81 2125 32.1
2000/03/24 AB4 CLRO 6.72 135 0.18 0.09 0.08 0.08 10.51 10.43 1.0 3 11.3
2000/03/24 AB4 RAS 143 0.61 0.12 0.17 0.08 7.16 7.08 6475 47.3
2000/03/29 AB4 CABI 7.29 261 3.06 2.13 30.34 0.08 0.23 0.15 35.0 94 131.2
2000/03/29 AB4 Al 7.05 239 3.54 2.32 22.32 0.11 0.28 0.17 1910 63.8
2000/03/29 AB4 A2 6.85 232 3.96 2.81 19.94 0.08 0.24 0.16 2230 50.2
2000/03/29 AB4_A3 7.12 230 3.64 2.74 19.48 0.08 0.26 0.18 2245 44.4
2000/03/29 AB4_A4 7.08 230 5.24 4.17 18.58 0 0 8 0.15 0.07 2295 47.3
2000/03/29 AB4 ABl 6.98 174 0.43 0.20 8.73 0.23 6.71 6.49 2425 22.2
2000/03/29 AB4 ABE 6.90 127 0.18 0.14 0.11 0.08 13.09 13.01 2345 32.1
2000/03/29 AB4 CLRO 6.88 135 0.14 0.13 0.08 0.09 11.05 10.96 0.9 3 18.7
2000/03/29 AB4 RAS 151 0.83 0.14 0.44 0.16 5.70 5.54 7405 50.2
2000/03/31 AB4 CABI 7.21 263 2.49 1.59 33.87 0.08 0.26 0.18 35.9 72 122.8
2000/03/31 AB4 Al 7.14 238 3.30 2.33 23.52 0.10 0.27 0.17 2020 55 8
2000/03/31 AB4 A2 6.80 232 3.54 2.59 21.11 0.08 0 2 8 0.20 2500 53.0
2000/03/31 AB4_A3 7.06 231 4.29 3.10 21.11 0.08 0 3 4 0.26 2220 47.3
2000/03/31 AB4_A4 7.03 231 6.07 4 44 20.54 0.08 0.24 0.16 2410 44.4
2000/03/31 AB4 ABl 6.90 175 0.51 0.28 8.35 0.20 6.83 6.63 2385 25.6
2000/03/31 AB4_ABE 6.87 124 0.11 0.09 0.08 0.08 13.57 13.49 2325 32.1
2000/03/31 AB4_CLRO 6.80 135 0.13 0.11 0.08 0.09 11.06 10.97 1.3 3 22.2
2000/03/31 AB4 RAS 144 0.47 0.10 0.16 0.08 7.59 7.51 6790 41.4
2000/04/03 AB4 CABI 7.25 254 2.53 1.35 30.17 0.08 0 3 5 0.27 31.6 32 32.1
2000/04/03 AB4 Al 7.13 233 4.33 2.36 20.47 0.08 0.22 0.14 1945 58.5
2000/04/03 AB4_A2 6.95 227 3.29 3.69 18.57 0.08 0.21 0.13 2280 47.3
2000/04/05 AB4 A3 7.11 226 4.53 3.40 18.81 0 0 8 0.19 0.11 2315 44.4
2000/04/05 AB4_A4 7.08 225 6.81 5.91 17.71 0.08 0.18 0.10 2125 44.4
2000/04/05 AB4_ABI 7.00 174 0.39 0.26 6.88 0 19 6.23 6.04 2560 22.2
2000/04/05 AB4_ABE 6.85 131 0.08 0 0 4 0.08 0 0 8 12.24 12.16 2390 28.9
2000/04/05 AB4 CLRO 6.82 141 0.12 0.12 0.08 0 13 9.92 9.79 1.1 5 18.7
2000/04/05 AB4 RAS 157 0.51 0.10 0.53 0 18 4.97 4.79 5695 38.4
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p li A lk TolaLP OrIho-P NH4 N 02 N 0 3 N 0 2 N 03 TKN TSS COD
Dale Locadom
(Mg/L) (MgP/L) (m gP/L) (MgN/L) (MgN/L) (m gN/L) (mg N/L) (m g N/L) (mg/L) (mg/L)
2000/04/21 AB4 CABI 7.06 254 1.68 0.86 29.20 0.08 0 3 6 0.28 30.6 104 117.6
2000/04/21 AB4 Al 6.90 228 3.99 3.32 18.95 0.19 0.40 0.21 1685 61.2
2000/04/21 AB4_A2 6.73 223 5.07 4.37 17.50 0.08 0.18 0.10 1960 61.2
2000/04/21 AB4 A3 6.96 220 5.10 4.39 16 95 0.08 0.35 0.27 1865 55.8
2000/04/21 AB4 A4 6.94 220 6.54 5.92 16.88 0.08 0.32 0.24 1885 55.8
2000/04/21 AB4 ABl 6.85 171 1.72 1.36 7.45 0.16 6.11 5.95 2310 28.9
2000/04/21 AB4_ABE 6.81 123 0.20 0.08 0.08 0.08 12.70 12.62 2180 44.4
2000/04/21 AB4 CLRO 6.78 130 0.16 0.13 0.08 0.08 11.21 11.13 5.1 1 25.6
2000/04/21 AB4 RAS 145 0.29 0.11 0.35 0.29 6.34 6.05 5995 38.4
2000/04/26 AB4 CABI 7.13 254 1.35 0.60 32.40 0.08 0.30 0.22 30.1 46 87.7
2000/04/26 AB4 Al 6.98 230 2.47 2.02 20.60 0.12 0.37 0.25 1930 47.3
2000/04/26 AB4_A2 6.78 219 2.58 2.28 18.57 0.08 0.36 0.28 2175 50.2
2000/04/26 AB4_A3 7.01 221 2.75 2.29 18.33 0.08 0.37 0.29 2155 41.4
2000/04/26 AB4 A4 7.00 218 3.87 3.46 16.92 0.08 0.48 0.40 2100 44.4
2000/04/26 AB4 ABl 6.96 169 0.46 0.34 6.91 0 21 6.99 6.79 2300 25.6
2000/04/26 AB4 ABE 6.89 125 0.15 0.06 0.08 0.08 13.12 13.04 2135 28.9
2000/04/26 AB4 CLRO 6.82 133 0.10 0.07 0.08 0.09 11.33 11.24 0.9 8 22.2
2000/04/26 AB4 RAS 148 0.24 0.06 0.45 0.21 581 5.60 6345 32.1
2000/04/28 AB4_CABI 7.27 264 2.08 1.38 30.04 0 0 8 0.20 0.12 35.0 70 126.2
2000/04/28 AB4_A1 7.12 238 3.49 2.96 21.00 0.13 0.26 0.13 1705 53.0
2000/04/28 AB4 A2 6.84 232 3.67 3.14 19.39 0 0 8 0.27 0.19 2020 44.4
2000/04/28 AB4 A3 7.09 230 3.75 3.15 18.82 0.08 0.20 0.12 1980 44.4
2000/04/28 AB4_A4 7.06 229 4.27 3.73 18.08 0.08 0.18 0.10 2095 44.4
2000/04/28 AB4 ABl 6.96 178 0.41 0.29 8.05 0.27 6.40 6.13 2200 38.4
2000/04/28 AB4 ABE 6.88 128 0.11 0.07 0.08 0.08 13.44 13.36 2305 32.1
2000/04/28 AB4 CLRO 6.84 137 0.09 0.09 0 0 8 0.16 10.99 10.82 1.0 8 35.3
2000/04/28 AB4 RAS 157 0.20 0.08 0.55 061 5.01 4.40 6815 38.4
2000/03/03 AB4 CABI 7.36 257 1.87 1.12 30 19 0.08 0.28 0.20 34,5 74 71.3
2000/05/03 AB4 Al 7.14 229 321 2.41 19.67 0 0 8 024 0.16 2065 41.4
2000/05/03 AB4 A2 6.92 229 3.88 3.13 19.08 0.08 0.25 0.17 2040 32.1
2000/05/03 /SB4 \3 7.11 227 4.03 3.17 18.83 0 0 8 0.27 0 19 2120 25.6
2000/05/03 AB4 A4 7.09 227 4.59 3.86 18.38 0.08 0.20 0.12 2095 32.1
2000/05/03 AB4 ABl 7.02 175 0.55 0.42 8.06 0.26 6.49 6.22 2120 7.5
2000/05/03 AB4 ABE 6.98 131 0.11 0.06 0.08 0 0 8 12.46 12.38 2225 7.5
2000/03/03 AB4 CLRO 6.94 139 0.11 0.08 0.08 0 17 10.48 10.32 0.8 15 3.7
2000/05/03 AB4 RAS 164 0.32 0.09 0.73 0.99 2.86 1.87 8510 18.7
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i! IŝgRgggi
f i<3!îsS|ï |ï3Sî|||ï lîïsïS|0i
i !i i i i i i i i i tfw Lfa *a. »î5î5î̂ *̂̂ïSî?5?ii i i i i i i in «A «0 «r» tn •r* # 1 ## Wk wt kr§ •• •• *•
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
181
2
1; sl55isi-§ 3g2«:82"8
1 - M o « - 9 « 2«ag555R®2 « M ». 9 9 9 9 „ -«• = 88Sag©8 «999 9-9 r.9 ""mmmmmmOpf:
1KgS8S3!SSg(4 vt K « 9\ H d d mSRggsfîsas««nddKriodnR»Sa3Z3N$MvKwdfiddri 8Z8P93SS8ri<od»29dd©è
! gggggg-gV ri * «4 m ri 2 M gggggggg
A
1 1
I s S S i 5 o. -! 9 9 9 9838383 S 9 9 9 9 9 9 9agRSSa p i
!S 252555 : M 9 9 » o © «0 » C" m — © © Î-3ÎS3S Î :d±5p; sE
n :2::22S : 2 » 9 9 T 9 T 9Iq O #m — m #m — —9 9 9 9 9 9 - m m m m © o — —2g222::33
i ! i i ̂  ̂  R a Ri H i s 3 3 â' ̂  8=g33RR îg ËSpÜSSrS
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BASIN4
Oete LocatioB Cm (■x/L) M k (b« /L )
9/17/99 CABl 85.0 60.0
9/17/99 A1 82.0 70.0
9/17/99 A2 87.0 70.0
9/17/99 A3 81.0 70.0
9/17/99 A4 87.0 70.0
9/17/99 ABl 86.0 60.0
9/17/99 ABE 80.0 60.0
9/17/99 CLO 85.0 70.0
9/17/99 RAS 79.0 60.0
9/22/99 CABI 71.0 56.0
9/22/99 A1 73.0 60.0
9/22/99 A2 69.0 60.0
9/22/99 A3 71.0 58.0
9/22/99 A4 72.0 54.0
9/22/99 ABl 71.0 56.0
9/22/99 ABE 71.0 51.0
9/22/99 CLO 69.0 50.0
9/22/99 RAS 70.0 53.0
9/24/99 CABI 78.0 61.0
9/24/99 A1 75.0 57.0
9/24/99 A2 59.0 60.0
9/24/99 A3 77.0 66.0
9/24/99 A4 79.0 58.0
9/24/99 ABl 67.0 57.0
9/24/99 ABE 69.0 52.0
9/24/99 CLO 71.0 62.0
9/24/99 RAS 72.0 53.0
9/29/99 CABI 68.0 57.0
9/29/99 A1 67.0 59.0
9/29/99 A2 64.0 58.0
9/29/99 A3 69.0 60'
9/29/99 A4 70.0
9/29/99 ABl 65.0
9/29/99 ABE 58.0
9/29/99 CLO 59.0
9/29/99 RAS 61.0
10/1/99 CABI 68.1 72.0
10/1/99 A1 70 60.0
10/1/99 A2 63.0
10/1/99 A3 61.0
10/1/99 A4 .0 62.0
10/1/99 ABl 71.0 68.0
10/1/99 ABE 65.0 52.0
10/1/99 CLO 58.0 54.0
10/1/99 RAS 64.0 54.0
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BASIN4
Dale LoeeOoe Cm (ax/L) Mx(nxrt-)
10/13/99 CABI 57.0 56.0
10/13/99 A1 51.0 58.0
10/13/99 A2 52.0 56.0
10/13/99 A3 48.0 56.0
10/13/99 A4 53.0 55.0
10/13/99 ABl 51.0 51.0
10/13/99 ABE 49.0 51.0
10/13/99 CLO 47.0 47.0
10/13/99 RAS 48.0 51.0
10/15/99 CABI 47.0 60.0
10/15/99 AI 48.0 57.0
10/15/99 A2 52.0 58.0
10/15/99 A3 46.0 57.0
10/15/99 A4 49.0 59.0
10/15/99 ABl 46.0 53.0
10/15/99 ABE 43.0 51.0
10/15/99 CLO 39.0 51.0
10/15/99 RAS 43.0 52.0
10/20/99 CABI 92.0 57.0
10/20/99 A1 74.0 55.0
10/20/99 A2 74.0 60.0
10/20/99 A3 77.0 46.0
10/20/99 A4 83.0 60.0
10/20/99 ABl 83.0 54.0
10/20/99 ABE 83.0 54.0
10/20/99 CLO 82.0 47.0
10/20/99 RAS 91.0 51.0
10/22/99 CABI 55.0 62.0
10/22/99 A1 49.0 58.0
10/22/99 A2 45.0 54.0
10/22m A3 43.0 56.0
10/22/99 A4 44.0 56.0
10/22/99 ABl 35.0 50.0
10/22/99 ABE 29.0 53.0
10/22/99 CLO 28.0 49.0
10/22/99 RAS 43.0 53.0
1007/99 CABI 46.0 58.0
10/27/99 A1 50.0 59.0
10/27/99 A2 47.0 57.0
10/27/99 A3 49.0 62.0
10/27/99 A4 52.0 57.0
10/27/99 ABl 47.0 57.0
10/27/99 ABE 39.0 54.0
10/27/99 CLO 41.0 60.0
10/27/99 RAS 45.0 52.0
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BASIN4
Date Locatk» Ca (n t/L ) Mcfng/L)
10/29/99 CABI 52.0 59.0
10/29/99 A1 48.0 57.0
10/29/99 A2 52.0 56.0
10/29/99 A3 46.0 72.0
10/29/99 A4 41.0 65.0
10/29/99 ABl 48.0 60.0
10/29/99 ABE 41.0 66.0
10/29/99 CLO 43.0 61.0
10/29/99 RAS 46.0 JS 0
11/3/99 CABI 55.0 0
11/3/99 A1 51.0 65.1-
11/3/99 A2 48.0 56.0
11/3/99 A3 52.0 57.0
11/3/99 A4 55.0 55.0
11/3/99 ABl 48.0 57.0
11/3/99 ABE 48.0 54.0
11/3/99 CLO 49.0 52.0
11/3/99 RAS 48.0 47.0
11/5/99 CABI 53.0 60.0
11/5/99 A1 54.0 58.0
11/5/99 A2 52.0 59.0
11/5/99 A3 53.0 57.0
11/5/99 A4 52.0 57.0
11/5/99 ABl 49.0 58.0
11/5/99 ABE 49.0 54.0
11/5/99 CLO 53.0 49.0
11/5/99 RAS 52.0 57.0
11/10/99 CABI 43.0 56.0
11/10/99 A1 49.0 57.0
11/10/99 A2 46.0 5X0
11/ io m A3 41.0 54.0
11/10/99 A4 48.0 60.0
11/10/99 ABl 43.0 53.0
11/10/99 ABE 49.0 51.0
11/10/99 CLO 39.0 47.0
11/10/99 RAS 45.0 48.0
11/12Æ9 CABI 51.0 55.0
11/12/99 AI 50.0 54.0
ll/1 2 m A2 46.0 48.0
11/12/99 A3 44.0 49.0
1I/12W A4 46.0 49.0
11/12Æ9 ABl 45.0 58.0
11/12/99 ABE 43.0 45.0
11/12/99 CLO 50.0 44.0
11/12/99 RAS 50.0 46.0
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BASIN4
Date Locatiae Ca (a«/L) Mr (bk /L)
11/17/99 CABI 50.0 61.0
11/17/99 A1 52.0 58.0
11/17/99 A2 55.0 70.0
11/17/99 A3 49.0 53.0
11/17/99 A4 53.0 62.0
11/17/99 ABl 49.0 61.0
11/17/99 ABE 51.0 54.0
11/17/99 CLO 46.0 49.0
11/17/99 RAS 45.0 49.0
11/19/99 CABI 51.0 62.0
11/19/99 A1 48.0 63.0
11/19/99 A2 50.0 57.0
11/19/99 A3 48.0 55.0
11/19/99 A4 45.0 50.0
11/19/99 ABl 52.0 56.0
11/19/99 ABE 44.0 56.0
11/19/99 CLO 47.0 47.0
11/19/99 RAS 41.0 59.0
12/1/99 CABI 52.0 75.0
12/1/99 A1 54.0 —
12/1/99 A2 61.0 93.0
12/1/99 A3 — 70.0
12/1/99 A4 57.0 68.0
12/1/99 ABl 52.0 80.0
12/1/99 ABE 53.0 70.0
12/1/99 CLO 47.0 57.0
12/1/99 RAS — —
12/3/99 CABI 44.0
12/3/99 A1 50.0 870
12/3/99 A2 56.0 71.0
12/3/99 A3 58.0 80.0
12/3/99 A4 51.0 69.0
12/3/99 ABl 49.0 65.0
12/3/99 ABE 57.0 63.0
12/3/99 CLO 48.0 75.0
12/3/99 RAS 50.0 91.0
1/7/00 CABI 37.0 47.0
1/7/00 A I 40.0 56.0
1/7/00 A2 42.0 58.0
1/7/00 A3 42.0 55.0
1/7/00 A4 40.0 57.0
1/7/00 ABl 34.0 52.0
1/7/00 ABE 40.0 51.0
1/7/00 CLO 40.0 60.0
1/7/00 RAS 40.0 50.0
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BASIN4
Date Lacatioe Ca (ag/L) M * (a * /L )
1/12AX) CABI 31.0 52.0
1/12/00 A1 43.0 77.0
1/12/00 A2 43.0 58.0
1/12/00 A3 42.0 ol.O
1/12AX) A4 42.0 71.0
1/12/00 ABl 37.0 48.0
1/12/00 ABE 40.0 58.0
1/12/00 CLO 39.0 72.0
1/12Æ0 RAS 35.0 60.0
1/19/00 CABI 38.0 66.0
1/19/00 A1 47.0 79.0
1/19/00 A2 43.0 81.0
1/19/00 A3 44.0 81.0
1/19/00 A4 46.0 77.0
1/19/00 ABl 43.0 70.0
1/19/00 ABE 42.0 69.0
1/19/00 CLO 45.0 80.0
1/19/00 RAS 35.0 71.0
2/2/00 CABI 34.0 81.0
2/2Æ0 A1 39.0 77.0
2/2/00 A2 33.0 72.0
2/2AX) A3 33.0 73.0
in m A4 36.0 78.0
in m ABl 39.0 79.0
m m ABE 36.0 75.0
2/2/00 CLO 36.0 73.0
2/2/00 RAS 34.0 67.0
2/4/00 CABI 39.0 70.0
2/4/00 A1 39.0 73.0
2/4/00 A2 38.0 72.0
2/4/00 A3 — ------
2/4/00 A4 38.0 73.0
2/4/00 ABl 37.0 79.0
2/4/00 ABE 36.0 74.0
2/4/00 CLO 36.0 70.0
2/4/00 RAS 38.0 71.0
2/9/00 CABI 40.0 —
2/9/00 AI 39.0 —
2/9/00 A2 43.0 —
2/9/00 A3 44.0 —
2/9/00 A4 43.0 —
2/9/00 ABl 42.0 —
2/9/00 ABE 61.0 —
2/9/00 CLO 40.0 —
2/9/00 RAS 42.0 —
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BASIN 4
Date Locatioa Ca (mg/L) Mxlme/L)
2/18/00 CABI 44.0 58.0
2/18/DO A1 42.0 50.0
2/18/00 A2 41.0 61.0
2/18 m A3 42.0 49.0
2/18/00 A4 39.0 68.0
2/18AX) ABl 42.0 53.0
2/18/00 ABE 47.0 50.0
2/18 m CLO 42.0 45.0
2/18 m RAS 44.0 53.0
2/23m CABI 48.0 65.0
2/23m A1 46.0 67.0
2/23/00 A2 45.0 61.0
2Æ3m A3 44.0 63.0
2/23m A4 49.0 70.0
2/23m ABl 49.0 68.0
2/23/00 ABE 51.0 74.0
2/23m CLO 43.0 56.0
2i23m RAS 46.0 66.0
3 /im CABI 46.0 60.0
3 /im A1 41.0 55.0
3 /im A2 44.0 60.0
3/1/00 A3 45.0 55.0
3/1/00 A4 45.0 67.0
3 /im ABl 48.0 58.0
3 /im ABE 44.0 64.0
3 /im CLO 43.0 58.0
3/1/00 RAS 47.0 58.0
3/3m CABI — 49.0
3/3/00 AI — 57.0
3/3m A2 — 56.0
3/3m A3 — 55.0
m m A4 — 55.0
3/3m ABl — 58.0
3/3/00 ABE — 51.0
3/3/00 CLO — 53.0
m m RAS — 48.0
■mm CABI 41.0 62.0
■mm A1 40.0 63.0
3/sm A2 44.0 56.0
3/8/00 A3 44.0 59.0
3/sm A4 45.0 61.0
3/sm ABl 48.0 59.0
3/sm ABE 45.0 58.0
3/8m CLO 40.0 57.0
3/sm RAS 46.0 59.0
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BAS1N4
Date Locatioa Ca(BK/L)
3/15/00 CABI 36.9 54.0
3/15/00 A1 35.4 62.0
3/15/00 A2 41.4 62.0
3/15/00 A3 36.1 58.0
3/15/00 A4 35.9 —
3/15/00 ABl 35.3 57.0
3/15/00 ABE 37.0 55.0
3/15/00 CLO 36.2 51.0
3/15/00 RAS 29.7 55.0
3/22/00 CABI 30.2 60.0
3/22Æ0 A1 31.4 65.0
3/22AX) A2 35.0 64.0
3/22/00 A3 35.3 61.0
3/22/00 A4 35.7 66.0
3/22/00 ABl 40.0 60.0
3/22/00 ABE 35.1 60.0
3/22AX) CLO 32.5 54.0
3/22AX) RAS 35.1 55.0
3/24/00 CABI 31.3 58.0
3/24/00 A1 36.9 51.0
3/24/00 A2 35.7 59.0
3/24/00 A3 27.4 56.0
3/24/00 A4 34.6 60.0
3/24/00 ABl 39.4 57.0
3/24/00 ABE 37.7 58.0
3/24/00 CLO 55.6 50.0
3/24/00 RAS — 46.0
3/29/00 CABI 39.6 53.0
3/29/00 A1 36.7 63.0
3/29/00 A2 31.7 61.0
3/29/00 A3 35.2 61.0
3/29/00 A4 37.5 56.0
3/29/00 ABl 42.1 57.0
3/29/00 ABE 42.7 57.0
3/29/00 CLO 28.6 54.0
3/29/00 RAS — 56.0
4/3/00 CABI — 59.0
4/3/00 A1 — 61.0
4/3/00 A2 — 66.0
4/3/00 A3 — 56.0
4/3/00 A4 — 56.0
4/3/00 ABl — 57.0
4/3/00 ABE — 59.0
4/3/00 CLO — 51.0
4/3/00 RAS — —
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BASIN4
Dale LoeaWon Ca(ax/L) Mc (b«A.)
4/7/00 CABI 35.5 64.0
4/7/00 A1 34.9 61.0
4/7/00 A2 34.3 65.0
4/7/00 A3 34.1 53.0
4/7/00 A4 37.9 60.0
4/7/00 ABl 33.4 48.0
4/7/00 ABE 34.5 58.0
4/7/00 CLO 32.7 52.0
4/7/00 RAS 32.5 65.0
4/12AX) CABI 37.9 60.0
4/12/00 A1 38.4 58.0
4/12/00 A2 38.2 59.0
4/12/00 A3 35.5 62.0
4/12/00 A4 36.5 54.0
4/12AX) ABl 36.5 52.0
4/12AX) ABE 40.5 56.0
4/12AX) CLO 35.0 46.0
4/12/00 RAS 35.3 48.0
4/14/00 CABI 34.5 62.0
4/14/00 A1 33.8 61.0
4/14/00 A2 33.9 61.0
4/14/00 A3 36.3 65.0
4/14/00 A4 33.3 52.0
4/14/00 ABl 33.8 54.0
4/14/00 ABE 32.8 34.0
4/14/00 CLO 32.0 51.0
4/14/00 RAS 32.6 56.0
4/15/00 CABI — 67.0
4/15/00 A1 — 73.0
4/15/00 A2 — 66.0
4/15/00 A3 — 67.0
4/15/00 A4 — 71.0
4/15/00 ABl — 71.0
4/15/00 ABE — 69.0
4/15/00 CLO — 55.0
4/15/00 RAS — 75.0
4/19/00 CABI — 57.0
4/19/00 A1 — 65.0
4/19/00 A2 — 64.0
4/19/00 A3 — 61.0
4/19/00 A4 — 61.0
4/19/00 ABl — 66.0
4/19/00 ABE — 59.0
4/19/00 CLO — 53.0
4/19/00 RAS — 57.0
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BASIN4
Date LocatiM Ca(as/L) M 8 (b */L )
4/21/00 CABI 48.0
4/21/00 A1 — 48.0
4/21/00 A2 — 50.0
4/21/00 A3 — 50.0
4/21/00 A4 — 54.0
4/21/00 ABl — 51.0
4/21/00 ABE — 43.0
4/21/00 CLO — 47.0
4/21/00 RAS — 48.0
4/26/00 CABI — 56.0
4/26/00 A1 — 53.0
4/26AK) A2 — 49.0
4/26/00 A3 — 46.0
4/26AX) A4 — 52.0
4/26/00 ABl — 55.0
4/26rtX) ABE — 52.0
4/26A» CLO — 46.0
4/26/00 RAS — 46.0
4/28/00 CABI 35.0 54.0
4/28AK) A1 36.3 55.0
4/28/00 A2 35.5 54.0
4/28/00 A3 35.7 49.0
4/28/00 A4 35.3 56.0
4/28/00 ABl 35.4 61.0
4/28/00 ABE 36.0 49.0
4/28/00 CLO 34.6 43.0
4/28m RAS 36.3 50.0
5/3/00 CABI 38.1 —
5/3/00 A1 37.1 -----
5/3/00 A2 36.0 ------
5/3/00 A3 35.6 ------
5/3/00 A4 35.9 ------
5/3/00 ABl 35.6 ------
5/3/00 ABE 35.3 ------
5/3/00 CLO 33.6 —
5/3/00 RAS 33.6 ------
5/5/00 CABI 35.9 57.0
5/5/00 A1 39.3 57.0
5/5/00 A2 39.0 54.0
5/5/00 A3 37.0 52.0
5/5/00 A4 36.8 55.0
5/5/00 ABl 36.7 55.0
5/5/00 ABE 34.9 50.0
5/5/00 CLO 33.8 500
5/5/00 RAS 36.3 52.0
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Dale Localioa Ca (ax/L) M x(ax/L)
5/31/00 CABI 42.0 55.0
5/31/00 A1 39.1 53.0
5/31/00 A2 37.6 52.0
5/31/00 A3 36.5 53.0
5/31/00 A4 36.9 47.0
5/31/00 ABl 36.6 49.0
5/31/00 ABE 37.8 48.0
5/31 AX) CLO 36.3 —
5/31/00 RAS 35.3 47.0
6/2/00 CABI 40.3 64.0
6/2/00 A1 41.3 60.0
6/2/00 A2 36.6 61.0
6/2/00 A3 35.9 56.0
6/2/00 A4 36.5 55.0
6/2/00 ABl 36.6 52.0
6/2/00 ABE 36.6 —
6/2/00 CLO 36.2 510
6/2/00 RAS 36.7 50.0
6/7/00 CABI 39.3 66.0
6/7/00 AI 36.6 64.0
6/7/00 A2 35.7 71.0
6/7/00 A3 27.5 72.0
6/7/00 A4 34.2 56.0
6/7/00 ABl 37.0 62.0
6/7/00 ABE 36.4 61.0
6/7/00 CLO 35.5 51.0
6/7/00 RAS 36.5 53.0
6/14/00 CABI 39.0 61.0
6/14/00 A1 37.2 61.0
6/14/00 A2 34.7 73.0
6/14/00 A3 35.5 59.0
6/14/00 A4 35.0 66.0
6/14/00 ABl 35.8 61.0
6/14/00 ABE 36.4 46.0
6/14/00 CLO 35.0 49.0
6/14/00 RAS 35.3 59.0
6/16/00 CABI 41.7 66.0
6/16/00 A1 36.6 63.0
6/16/00 A2 38.2 63.0
6/16/00 A3 37.8 55.0
6/16/00 A4 36.3 62.0
6/16AX) ABl 36.7 53.0
6/16AX) ABE 36.6 62.0
6/16/00 CLO 35.4 58.0
6/16/00 RAS 38.0 55.0
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BASIN 4
Date Locatioa K(aig/L)
12/1/99 CABI 21.0
12/1/99 A1 27.0
12/1/99 A2 30.0
12/1/99 A3 29.0
12/1/99 A4
12/1/99 ABl 22.0
12/1/99 ABE 21.0
12/1/99 CLO 18.0
12/1/99 RAS —
12/3/99 CABI 22.0
12/3/99 A1 25.0
12/3/99 A2 32.0
12/3/99 A3 33.0
12/3/99 A4 29.0
12/3/99 ABl 22.0
12/3/99 ABE 24.0
12/3/99 CLO 18.0
12/3/99 RAS 33.0
2/9/00 CABI 25.0
2/9/00 A1 21.0
2/9/00 A2 24.0
2/9/00 A3 23.0
2/9/00 A4 23.0
2/9/00 ABl 20.0
2/9/00 ABE 20.0
2/9/00 CLO 17.0
2/9/00 RAS 20.0
2/18m CABI 21.0
2/18/00 A1 23.0
2/18 m A2 22.0
2/ i 8m A3 23.0
2/1 s m A4 23.0
2/18 m ABl 19.0
2/ 18 m ABE 19.0
2/ 18 m CLO 18.0
2/18 m RAS 22.0
2/23m CABI 20.0
2/23m A1 21.0
2/23m A2 21.0
2/23100 A3 21.0
2/23m A4 22.0
2/23/00 ABl 20.0
2/23m ABE 21.0
2/23m CLO 17.0
2123/00 RAS 22.0
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BAS1N4
Date Locatioa K(oq/L)
3/24/00 CABI 20.8
3/24/00 AI 22.3
3/24/00 A2 20.7
3/24/00 A3 21.3
3/24/00 A4 23.0
3/24/00 ABl 20.5
3/24/00 ABE 20.3
3/24/00 CLO 18.4
3/24/00 RAS —
3/29/00 CABI 17.2
3/29/00 AI 19.4
3/29/00 A2 20.5
3/29/00 A3 20.0
3/29/00 A4 —
3/29/00 ABl 17.0
3/29/00 ABE 16.8
3/29/00 CLO 16.6
3/29/00 RAS 18.4
4/3/00 CABI 17.8
4/3/00 A1 19.9
4/3/00 A2 18.1
4/3/00 A3 18.4
4/3/00 A4 20.1
4/3/00 ABl 16.1
4/3/00 ABE 15.3
4/3/00 CLO 152
4/3/00 RAS 17.1
4/7/00 CABI 17.4
4/7/00 AI 17.8
4/7/00 A2 20.2
4/7/00 A3 18.9
4/7/00 A4 17.4
4/7/00 ABl 16.9
4/7/00 ABE 15.7
4/7/00 CLO 18.6
4/7/00 RAS 17.4
4/12/DO CABI 27.7
4/I2A» AI 23.1
4/12AX) A2 212
4/12AW A3 22.9
4/12AX) A4 20.5
4/12AK) ABl 18.7
4/12/00 ABE 17.7
4/12/00 CLO 16.5
4/12AX) RAS 18.1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix 0
197
BAS1N4
Date Location K (b */L)
4/14AX) CABI 25.9
4/14/00 A1 262
4/14/00 A2 26.3
4/14/00 A3 25.8
4/14/00 A4 27.3
4/14/00 ABl 23.1
4/14/00 ABE 222
4/14/00 CLO 21.9
4/14/00 RAS 24.0
4/19/00 CABI 17.7
4/19/00 A1 18.9
4/19/00 A2 17.8
4/19/00 A3 18.8
4/19/00 A4 19.4
4/19/00 ABl 17.3
4/19/00 ABE 16.0
4/19/00 CLO 15.4
4/19/00 RAS 16.8
4/21/00 CABI 14.0
4/21/00 A1 20.7
4/21/00 A2 17.1
4/21/00 A3 15.7
4/21/00 A4 14.0
4/21/00 ABl 14.1
4/21/00 ABE 15.8
4/21/00 CLO 15.3
4/21/00 RAS 14.9
4/26/00 CABI 16.4
4/26/00 A1 14.6
4/26/00 A2 15.4
4/26/00 A3 15.7
4/26AW A4 12.5
4/26/00 ABl 15.4
4/26/00 ABE 12.7
4/26/DO CLO 10.9
4/26/00 RAS 11.8
5/3A» CABI 23.4
S/3/00 AI 17.9
S/3/00 A2 16.1
5/3/00 A3 18.0
5/3/00 A4 18.9
5/3/00 ABl 18.3
5/3/00 ABE 17.3
5/3/00 CLO 17.0
5/3/00 RAS 15.8
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BAS1N4
Date Lacatioe K(mg&)
5/5/00 CABI 18.6
5/5/00 A1 13.0
5/5/00 A2 19.0
5/5/00 A3 16.5
5/5/00 A4 17.6
5/5/00 ABl 13.7
5/5/00 ABE 15.8
5/5/00 CLO 14.6
5/5/00 RAS 19.4
5/31/00 CABI 18.1
5/31/00 A1 15.4
5/31/00 A2 21.8
5/31/00 A3 18.1
5/31/00 A4 18.5
5/31/00 ABl 12.8
5/31/00 ABE 17.7
5/31/00 CLO 16.9
5/31/00 RAS 18.1
6/2/00 CABI 17.3
6/2/00 A1 16.3
6/2/00 A2 21.5
6/2/00 A3 17.6
6/2/00 A4 17.4
6/2/00 ABl 14.5
6/2/00 ABE 14.3
6/2/00 CLO 17.5
6/2/00 RAS 19.2
6/7/00 CABI 262
6/7/00 A1 26.8
6/7/00 A2 262
6/7/00 A3 16.4
6/7/00 A4 25.8
6/7/00 ABl 22.4
6/7/00 ABE 20.8
6/7/00 CLO 20.4
6/7/00 RAS 23.8
6/14/00 CABI 24.8
6/14/00 A1 25.6
6/14/00 A2 252
6/14A» A3 26.0
6/14/00 A4 272
6/I4A» ABl 22.8
6/14/00 ABE 20.6
6/14/00 CLO 20.4
6/14/00 RAS 222
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BASIN4
Detc Locatkm KtmgA,)
6/16/00 CABI 26.4
6/16/00 A1 25.0
6/16/00 A2 28.2
6/16/00 A3 25.8
6/16/00 A4 262
6/16/00 ABl 22.4
6/16AN) ABE 20.0
6/16/00 CLO 202
6/16/00 RAS 23.6
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BASINS
Date Lflcatim Ca (aig/L) Mg(mg/L)
9/17/99 A1 78.0 76.0
9/17/99 A2 70.0 76.0
9/17/99 A3 73.0 74.0
9/17/99 A4 66.0 75.0
9/17/99 ABl 76.0 78.0
9/17/99 ABE 73.0 77.0
9/17/99 CLi 76.0 73.0
9/17/99 CLe 65.0 58.0
9/22/99 A1 81.0 63.0
9/22/99 A2 80.0 67.0
9/22/99 A3 78.0 62.0
9/22/99 A4 80.0 60.0
9/22/99 ABl 90.0 73.0
9/22/99 ABE 94.0 68.0
9/22/99 CLi 87.0 66.0
9/22/99 CLe 82.0 56.0
9/24/99 A1 72.0 58.0
9/24/99 A2 71.0 27.0
9/24/99 A3 74.0 64.0
9/24/99 A4 71.0 67.0
9/24/99 ABl 73.0 89.0
9/24/99 ABE 70.0 74.0
9/24/99 CLi 67.0 51.0
9/24/99 CLe 80.0 52.0
9/29/99 A1 79.0 78.0
9/29/99 A2 76.0 69.0
9/29/99 A3 66.0 70.0
9/29/99 A4 72.0 65.0
9/29/99 ABl 64.0 72.0
9/29/99 ABE 72.0 70.0
9/29/99 CLi 66.0 61.0
9/29/99 CLe 57.0 50.0
10/1/99 A1 70.0 66.0
10/1/99 A2 70.0 66.0
10/1/99 A3 52.0 74.0
10/1/99 A4 73.0 68.0
10/1/99 ABl 48.0 75.0
10/1/99 ABE 53.0 71.0
10/1/99 CU 60.0 55.0
10/1/99 CLe 72.0 69.0
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Date Locatkw Ca(aig/L) M g(ng/L)
10/13/99 A1 46.0 57.0
10/13/99 A2 43.0 55.0
10/13/99 A3 54.0 69.0
10/13/99 A4 50.0 60.0
10/13/99 ABl 53.0 74.0
10/13/99 ABE 53.0 72.0
10/13/99 CLi 47.0 0
10/13/99 CLe 44.0 .•>4.0
10/15/99 A1 52.0 64.0
10/15/99 A2 42.0 51.0
10/15/99 A3 52.0 59.0
10/15/99 A4 52.0 49.0
10/15/99 ABl 50.0 67.0
10/15/99 ABE 51.0 65.0
10/15/99 CLi 45.0 57.0
10/15/99 CLe 42.0 46.0
10/20/99 A1 64.0 58.0
10/20/99 A2 59.0 56.0
10/20/99 A3 64.0 51.0
10/20/99 A4 62.0 48.0
10/20/99 ABl 78.0 35.0
10/20/99 ABE 79.0 55.0
10/20/99 CLi 58.0 51.0
10/20/99 CLe 50.0 48.0
10/22/99 A1 74.0 61.0
10/22/99 A2 67.0 56.0
10/22/99 A3 65.0 54.0
10/22/99 A4 63.0 52.0
10/22/99 ABl 62.0 53.0
10/22/99 ABE 62.0 53.0
10/22/99 CLi 44.0 49.0
10/22/99 CLe 47.0 47.0
10/27/99 A1 59.0 89.0
10/27/99 A2 62.0 78.0
10/27/99 A3 64.0 58.0
10/27/99 A4 60.0 57.0
10/27/99 ABl 68.0 66.0
10/27/99 ABE 69.0 52.0
10/27/99 CLi 64.0 54.0
10/27/99 CLe 71.0 63.0
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Dife Locatioa Ca (aig/L) Mg(ing/L)
10/29/99 A1 55.0 62.0
10/29/99 A2 56.0 59.0
10/29/99 A3 53.0 64.0
10/29/99 A4 49.0 57.0
10/29/99 ABl 50.0 59.0
10/29/99 ABE 56.0 66.0
10/29/99 CLi 50.0 64.0
10/29/99 CLe 46.0 74.0
11/5/99 A1 61.0 63.0
11/5/99 A2 57.0 72.0
11/5/99 A3 63.0 73.0
11/5/99 A4 62.0 75.0
11/5/99 ABl 73.0 72.0
11/5/99 ABE 70.0 66.0
11/5/99 CLi 61.0 68.0
11/5/99 CLe 50.0 51.0
11/10/99 A1 53.0 67.0
11/10/99 A2 55.0 67.0
11/10/99 A3 63.0 66.0
11/10/99 A4 62.0 69.0
11/10/99 ABl 44.0 60.0
11/10/99 ABE 57.0 67.0
11/10/99 CU 52.0 59.0
11/10/99 CLe 47.0 47.0
11/12/99 A1 64.0 67.0
11/12/99 A2 59.0 67.0
11/12/99 A3 55.0 70.0
11/12/99 A4 59.0 72.0
11/12/99 ABl 57.0 71.0
11/12W ABE 52.0 63.0
11/12/99 CU 53.0 63.0
11/12/99 CLe 44.0 46.0
11/17/99 A1 71.0 108.0
11/17/99 A2 58.0 68.0
11/17/99 A3 59.0 55.0
11/17/99 A4 59.0 71.0
11/17/99 ABl 63.0 62.0
11/17/99 ABE 58.0 80.0
11/17/99 CU — ----
11/17/99 CLe — —
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Date Location C a(*g /L ) Mg(aig/L)
11/19/99 Al 65.0 77.0
11/19/99 A2 57.0 65.0
11/19/99 A3 62.0 62.0
11/19/99 A4 65.0 80.0
11/19/99 ABl 76.0 78.0
11/19/99 ABE 66.0 77.0
11/19/99 CU 59.0 68.0
11/19/99 CLe 54.0 44.0
11/24/99 A1 59.0 61.0
11/24/99 A2 61.0 65.0
11/24/99 A3 60.0 66.0
11/24/99 A4 56.0 59.0
11/24/99 ABl 61.0 68.0
11/24/99 ABE 58.0 60.0
11/24/99 CLi 53.0 50.0
11/24/99 CLe 41.0 38.0
11/26/99 A1 65.0 63.0
11/26/99 A2 51.0 59.0
11/26/99 A3 60.0 64.0
11/26/99 A4 65.0 68.0
11/26/99 ABl 63.0 63.0
11/26/99 ABE 60.0 62.0
11/26/99 CU 53.0 53.0
11/26W CLe 44.0 41.0
12/1/99 A1 51.0 51.0
12/1/99 A2 49.0 45.0
12/1/99 A3 53.0 56.0
12/1/99 A4 62.0 50.0
12/1/99 ABl 51.0 58.0
12/1/99 ABE 58.0 60.0
12/1/99 CU 54.0 48.0
12/1/99 CLe 38.0 42.0
12/3/99 A1 48.0 39.0
12/3/99 A2 51.0 53.0
12/3/99 A3 46.0 63.0
12/3/99 A4 48.0 36.0
12/3/99 ABl 42.0 56.0
12/3/99 ABE 41.0 39.0
12/3/99 CU 40.0 54.0
12/3/99 CLe 35.0 45.0
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Date Locatioa Ca (mg/L) Mg(aig/L)
12/8/99 A1 50.0 59.0
12/8/99 A2 39.0 61.0
12/8/99 A3 51.0 68.0
12/8/99 A4 33.0 58.0
12/8/99 ABl 49.0 64.0
12/8/99 ABE 46.0 66.0
12/8/99 CLi 56.0 49.0
12/8/99 CLe 57.0 36.0
12/10/99 A1 56.0 63.0
12/10/99 A2 45.0 59.0
12/10/99 A3 59.0 63.0
12/10/99 A4 55.0 57.0
12/10/99 ABl 53.0 62.0
12/10/99 ABE 57.0 66.0
12/10/99 CLi 55.0 44.0
12/10/99 CLe 45.0 46.0
12/17/99 A1 50.0 48.0
12/17/99 A2 52.0 37.0
12/17/99 A3 51.0 48.0
12/17/99 A4 51.0 50.0
12/17/99 ABl 58.0 50.0
12/17/99 ABE 60.0 56.0
12/17/99 CLi 54.0 36.0
12/17/99 CLe 47.0 46.0
12/22/99 A1 45.0 35.0
12/22/99 A2 43.0 53.0
12/22/99 A3 34.0 49.0
12/22/99 A4 41.0 40.0
12/22/99 ABl 41.0 50.0
12/22/99 ABE 35.0 43.0
12/22/99 CLi 36.0 42.0
12/22/99 CLe 39.0 43.0
12/29/99 A1 39.0 64.0
12/29/99 A2 41.0 64.0
12/29/99 A3 46.0 64.0
12/29/99 A4 43.0 64.0
12/29/99 ABl 37.0 61.0
12/29/99 ABE 38.0 58.0
12/29/99 CLi 42.0 56.0
12/29/99 CLe 37.0 53.0
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Date Locatioa Ca (ng/L) Mg(aig/L)
1/7/00 A1 47.0 59.0
1/7/00 A2 46.0 62.0
1/7/00 A3 46.0 62.0
1/7/00 A4 46.0 57.0
1/7/00 ABl 40.0 59.0
1/7/00 ABE 41.0 59.0
1/7/00 CLi 41.0 55.0
1/7/00 CLe 44.0 54.0
1/12/00 A I 47.0 69.0
1/12/00 A2 47.0 79.0
1/12/00 A3 42.0 69.0
1/12/00 A4 46.0 78.0
1/12Æ0 ABl 40.0 83.0
1/12AK) ABE 39.0 68.0
1/12Æ0 CLi 40.0 56.0
1/12AW CLe 43.0 68.0
1/19/00 A1 41.0 81.0
1/19/00 A2 40.0 77.0
1/19/00 A3 40.0 79.0
1/19/00 A4 46.0 82.0
1/19/00 ABl 45.0 78.0
1/19/00 ABE 39.0 82.0
1/19/00 CLi 41.0 77.0
1/19/00 CLe 40.0 78.0
1/21/00 A1 39.0 77.0
1/21/00 A2 43.0 74.0
1/21/00 A3 42.0 71.0
1/21/00 A4 44.0 74.0
1/21/00 ABl 49.0 78.0
1/21/00 ABE 46.0 86.0
1/21/00 CLi 48.0 74.0
1/21/00 CLe 45.0 71.0
1/26/00 A I 32.0 81.0
1/26AW A2 36.0 74.0
1/26W0 A3 34.0 77.0
1/26/00 A4 40.0 74.0
1/26/00 ABl 33.0 70.0
1/26/00 ABE 36.0 78.0
1/26/00 CU 39.0 68.0
1/26/00 CLe 32.0 68.0
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Date Locatioa Ca(mg/L) Mg (mg/L)
1/28/00 A1 31.0 83.0
1/28/00 A2 34.0 8’.0
1/28/00 A3 33.0 78.0
1/28/00 A4 38.0 84.0
1/28/00 ABl 39.0 88.0
1/28/00 ABE 35.0 79.0
1/28/00 CLi 35.0 89.0
1/28/00 CLe 36.0 70.0
2/4/00 A1 37.0 70.0
2/4/00 A2 33.0 79.0
2/4/00 A3 34.0 79.0
2/4/00 A4 34.0 79.0
2/4/00 ABl 32.0 76.0
2/4/00 ABE 35.0 66.0
2/4/00 CLi 36.0 89.0
2/4/00 CLe 31.0 79.0
2/9/00 A1 50.0 —
2/9/00 A2 48.0 65.0
2/9/00 A3 44.0 62.0
2/9/00 A4 42.0 67.0
2/9/00 ABl 50.0 64.0
2/9/00 ABE 50.0 67.0
2/9/00 CLi 56.0 60.0
2/9/00 CLe 51.0 61.0
2/11/00 A1 32.0 64.0
2/11/00 A2 30.0 72.0
2/11/00 A3 33.0 78.0
2/11/00 A4 28.0 73.0
2/11/00 ABl 41.0 73.0
2/11/00 ABE 46.0 76.0
2/11/00 CLi 41.0 67.0
2/11/00 CLe 43.0 65.0
2/16/00 A i 38.0 68.0
2/16/00 A2 33.0 69.0
2/16AM) A3 35.0 65.0
2/16A10 A4 35.0 69.0
2/16/00 ABl 44.0 72.0
2/16AX) ABE 48.0 69.0
2/16Æ0 CLi 46.0 64.0
2/16/00 CLe 46.0 63.0
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Dtte Locatkn Cm (mg/L) Mg (mg/L)
2/18/00 A1 50.0 57.0
2/18/00 A2 50.0 < 0
2/18/00 A3 — ( . II
2/18/00 A4 54.0 63.0
2/18/00 ABI 50.0 62.0
2/18/00 ABE 53.0 67.0
2/18/00 CU 57.0 62.0
2/18/00 CLe 51.0 61.0
2/23/00 A1 44.0 —
2/23/00 A2 44.0 —
2/23/00 A3 42.0 —
2/23/00 A4 43.0 —
2/23/00 ABI 38.0 —
2/23/00 ABE 39.0 —
2/23/00 CLi 48.0 —
2/23/00 CLe 39.0 —
3/1/00 A1 34.1 61.0
3/1/00 A2 33.3 62.0
3/1/00 A3 — 60.0
3/1/00 A4 31.7 58.0
3/1/00 ABI — 63.0
3/1/00 ABE 32.9 64.0
3/1/00 CLi 34.4 65.0
3/1/00 CLe 35.1 58.0
3/3/00 A1 32.1 65.0
3/3/00 A2 32.0 62.0
3/3/00 A3 31.5 63.0
3/3/00 A4 29.5 73.0
3/3/00 ABI 31.2 62.0
3/3/00 ABE 32.2 63.0
3/3/00 CLi 31.0 64.0
3/3/00 CLe 36.5 66.0
3/15/00 A1 28.0 60.0
3/15/00 A2 31.0 75.0
3/15/00 A3 29.0 62.0
3/15/00 A4 40.0 61.0
3/15/00 ABI 35.0 62.0
3/15/00 ABE 33.0 71.0
3/15/00 CLi 40.0 88.0
3/15/00 CLe 53.0
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Date Loemdom Cm (mg/L) Mg (mg/L)
3/17/00 A1 32.3 65.0
3/17/00 A2 31.9 70.0
3/17/00 A3 41.5 53.0
3/17/00 A4 28.8 68.0
3/17/00 ABI 31.5 67.0
3/17/00 ABE 35.6 65.0
3/17/00 CLi 35.0 64.0
3/17/00 CLe 34.4 57.0
3/22/00 A1 27.8 72.0
3/22/00 A2 27.8 77.0
3/22/00 A3 26.1 73.0
3/22/00 A4 25.6 69.0
3/22A10 ABI 25.0 70.0
3/22/00 ABE 31.9 63.0
3/22/00 CLi 32.6 71.0
3/22/00 CLe 33.9 64.0
3/24/00 A1 34.7 —
3/24/00 A2 33.8 —
3/24/00 A3 31.7 —
3/24/00 A4 34.2 —
3/24/00 ABI 35.8 —-
3/24/00 ABE 36.2 —
3/24/00 CLi — —
3/24/00 CLe 35.4 —
3/29/00 A1 27.0 67.0
3/29/00 A2 22.2 62.0
3/29/00 A3 25.5 62.0
3/29/00 A4 23.0 64.0
3/29/00 ABI 26.5 67.0
3/29/00 ABE 32.7 68.0
3/29/00 CLi 24.3 70.0
3/29/00 CLe 28.1 65.0
4/12/00 A1 33.6 77.0
4/12/00 A2 32.4 70.0
4/12/00 A3 43.1 89.0
4/12/00 A4 33.6 77.0
4/12/00 ABI 35.7 87.0
4/12/00 ABE 37.0 70.0
4/12/00 CU 36.6 83.0
4/12/00 CLe 34.2 64.0
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BASINS
Date Locadm Cm (mg/L) Mg (mg/L)
4/14/00 A1 37.7 60.0
4/14/00 A2 37.3 67.0
4/14/00 A3 38.1 66.0
4/14/00 A4 38.0 66.0
4/14/00 ABI 38.7 64.0
4/14/00 ABE 38.1 60.0
4/14/00 CLi 38.5 63.0
4/14/00 CLe 37.6 67.0
4/19/00 A1 30.3 57.0
4/19/00 A2 30.1 60.0
4/19/00 A3 29.7 56.0
4/19/00 A4 29.7 63.0
4/19/00 ABI 31.6 69.0
4/19/00 ABE 30.8 69.0
4/19/00 CLi 30.8 67.0
4/19/00 CLe 31.8 63.0
4/21/00 A1 20.4 67.0
4/21/00 A2 20.6 61.0
4/21/00 A3 20.0 59.0
4/21/00 A4 20.0 53.0
4/21/00 ABI 20.0 66.0
4/21/00 ABE 19.5 59.0
4/21/00 CLi 20.3 61.0
4/21/00 CLe 19.6 55.0
4/26/00 A1 — 61.0
4/26/00 A2 — 54.0
4/26/00 A3 — 76.0
4/26/00 A4 — 66.0
4/26/00 ABI — 60.0
4/26/00 ABE mmm 66.0
4/26/00 CLi ---- 60.0
4/26/00 CLe ---- 56.0
4/28/00 A1 36.1 66.0
4/28/00 A2 34.6 69.0
4/28/00 A3 34.1 63.0
4/28/00 A4 34.6 55.0
4/28A10 ABI 35.6 59.0
4/28/00 ABE 38.2 67.0
4/28/00 CLi 35.0 56.0
4/28/00 CLe 34.3 64.0
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Appendix E
211
BASINS
Date Locadoe Ca(Bg/L) Mg (mg/L)
5/3/00 A1 34.8 63.0
5/3/00 A2 34.2 59.0
5/3/00 A3 35.0 58.0
5/3/00 A4 34.4 62.0
5/3/00 ABI 33.6 66.0
5/3/00 ABE 33.9 62.0
5/3/00 CLi 36.4 60.0
5/3/00 CLe 34.7 56.0
5/5/00 A1 34.0 62.0
5/5/00 A2 30.2 61.0
5/5/00 A3 36.1 66.0
5/5/00 A4 33.8 64.0
5/5/00 ABI 34.0 57.0
5/5/00 ABE 35.1 59.0
5/5/00 CLi 35.5 70.0
5/5/00 CLe 32.2 56.0
5/12/00 A1 31.5 65.0
5/12/00 A2 30.0 66.0
5/12/00 A3 30.3 67.0
5/12/00 A4 29.4 66.0
5/12/00 ABI 28.9 54.0
5/12AW ABE 28.7 61.0
5/12/00 CLi 28.7 57.0
5/12/00 CLe 29.4 51.0
5/17/00 A1 32.2 —
5/17/00 A2 33.7 —
5/17/00 A3 27.2 —
5/17/00 A4 31.7 —
5/17/00 ABI 32.6 —
5/17/00 ABE 23.7 —
5/17/00 CLi 34.7 —
5/17/00 CLe 35.0 —
5/24/00 A1 26.4 68.0
5/24/00 A2 26.5 66.0
5/24/00 A3 26.8 70.0
5/24/00 A4 26.6 70.0
5/24/00 ABI 23.8 58.0
5/24/00 ABE 22.6 63.0
5/24/00 CLi 21.6 62.0
5/24/00 CLe 18.3 64.0
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BASINS
Date Locatk» Ca (mg/L) Mg (mg/L)
5/26/00 A1 31.3 65.0
5/26/00 A2 29.0 69.0
5/26/00 A3 31.2 71.0
5/26/00 A4 31.3 66.0
5/26AX) ABI 30.7 57.0
5/26/00 ABE 31.9 53.0
5/26/00 CLi 30.6 60.0
5/26/00 CLe 32.5 58.0
5/31/00 A1 32.7 —
5/31/00 A2 32.0 —
5/31/00 A3 18.7
5/31/00 A4 18.3 —
5/31/00 ABI 29.6 —
5/31/00 ABE 27.2 —
5/31/00 CLi 29.2 —
5/31/00 CLe 30.2 —
6/2/00 AI 30.3 52.0
6/2/00 A2 29.8 52.0
6/2/00 A3 30.9 57.0
6/2AX) A4 32.4 54.0
6/2/00 ABI 30.1 55.0
6/2/00 ABE 31.7 52,0
6/2/00 CLi 32.6 53.0
6/2/00 CLe — 52.0
6/7/00 A1 29.5 51.0
6/7/00 A2 29.0 54.0
6/7/00 A3 29.6 51.0
6/7/00 A4 26.9 54.0
6/7/00 ABI 31.0 54.0
6/7/00 ABE 34.2 54.0
6/7/00 CLi 32.4 54.0
6/7/00 CLe 33.5 51.0
6/9/00 A1 33.0 —
6/9/00 A2 33.1 —
6/9/00 A3 27.8 —
6/9/00 A4 32.5 —
6/9/00 ABI 33.9 —
6/9/00 ABE 22.1 —
6/9/00 CU 34.6 —
6/9/00 CLe 34.0 —
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BASINS
Date Locatkn K(mg/L)
2/9/00 AI 36.0
2/9/00 A2 40.0
2/9/00 A3 38.0
2/9/00 A4 62.0
2/9/00 ABI 36.0
2/9/00 ABE 33.U
2/9/00 CLi 33.0
2/9/00 CLe 18.0
2/18/00 AI 24.0
2/18/00 A2 27.0
2/18/00 A3 —
2/18/00 A4 26.0
2/18/00 ABI 23.0
2/I8AX) ABE 21.0
2/18/00 CLi 21.0
2/18/00 CLe 19.0
2/23/00 AI 26.0
2/23/00 A2 27.0
2/23/00 A3 27.0
2/23/00 A4 27.0
2/23/00 ABI 24.0
2/23/00 ABE 23.0
2/23/00 CLi 22.0
2/23/00 CLe 18.0
3/1/00 AI 27.8
3/1/00 A2 30.7
3/1/00 A3 27.9
3/1/00 A4 26.0
3/1/00 ABI 27.3
3/1/00 ABE 27.3
3/1/00 CLi 22.2
3/1/00 CLe 15.8
3/3/00 AI 19.8
3/3/00 A2 20.1
3/3/00 A3 202
3/3/00 A4 21.3
3/3/00 ABI 21.3
3/3/00 ABE 17.0
3/3/00 CLi 16.7
3/3/00 CLe 17.0
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Appendix F
215
BASINS
Date LocatiM K (agÆ )
3/15/00 A1 36.3
3/15/00 A2 42.6
3/15/00 A3 36.6
3/15/00 A4 42.2
3/15/00 ABI 33.6
3/15/00 ABE 39.1
3/15/00 CLi 39.6
3/15/00 CLe 352
3/22/00 A1 33.3
3/22/00 A2 34.0
3/22/00 A3 33.9
3/22ÆQ A4 42.2
3/22AX) ABI 29.9
3/22/00 ABE 26.5
3/22/00 CLi 26.0
3/22/00 CLe 16.1
3/24/00 AI 20.9
3/24/00 A2 20.5
3/24/00 A3 19.8
3/24/00 A4 20.2
3/24/00 ABI 14.6
3/24/00 ABE 14.6
3/24/00 CU —
3/24/00 CLe 15.1
3/29/00 A1 26.0
3/29/00 A2 27.1
3/29/00 A3 26.5
3/29/00 A4 28.1
3/29/00 ABI 22.3
3/29/00 ABE 20.4
3/29/00 CLi 17.4
3/29/00 CLe 15.3
4/12/00 A1 17.2
4/12AX) A2 16.4
4/I2AW A3 172
4/12AX) A4 13.8
4/12AX) ABI 13.4
4/12Æ0 ABE 12.9
4/12/00 CLi 17.4
4/12/00 CLe 13.8
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BASINS
Date LocatiM K(Bg/L)
4/14/00 A1 18.7
4/14/00 A2 21.6
4/14/00 A3 21.9
4/14/00 A4 15.3
4/14/00 ABI 14.8
4/14/00 ABE 15.3
4/14/00 CLi 15.6
4/14/00 CLe 14.9
4/19/00 A1 14.4
4/19/00 A2 14.4
4/19/00 A3 14.5
4/19/00 A4 ■ ;5.5
4/19/00 ABI 16.3
4/19/00 ABE 17.0
4/19/00 CLi 16.5
4/19/00 CLe 16.9
4/26/00 AI 15.8
4/26/00 A2 14.3
4/26/00 A3 22.0
4/26/00 A4 16.0
4/26/00 ABI 17.1
4/26/00 ABE 14.9
4/26/00 CLi 13.4
4/26/00 CLe 12.5
4/28/00 AI 17.5
4/28AX) A2 16.3
4/28/00 A3 25.1
4/28/00 A4 19.6
4/28/00 ABI 19.6
4/28/00 ABE 18.4
4/28AX) CLi 17.9
4/28/00 CLe 16.7
5/3/00 A1 16.8
5/3/00 A2 25.8
S/3/00 A3 17.7
5/3/00 A4 14.3
5/3/00 ABI 19.9
5/3/00 ABE 20.4
5/3/00 CLi 17.2
5/3/00 CLe 17.9
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BASINS
Date LocatioB K (t* & )
5/5/00 A1 12.2
5/5/00 A2 2 5 J
5/5/00 A3 13.1
5/5/00 A4 13.3
5/5/00 ABI 17.8
5/5/00 ABE 152
5/5/00 CLi 15.8
5/5/00 CLe 10.9
5/12AK) A1 26.8
5/12AX) A2 27.9
5/12A» A3 28.1
5/12/00 A4 25.9
5/12AX) ABI 18.1
5/12AX) ABE 25.1
5/12AX) CLi 19.7
5/12AW CLe 23.4
5/17/00 A1 32.6
5/17/00 A2 342
5/17/00 A3 27.0
5/17/00 A4 33.0
5/17/00 ABI 32.6
5/17/00 ABE 17.0
5/17/00 CLi 22.0
5/17/00 CLe 19.6
5/24/00 A1 25.2
5/24/00 A2 32.1
5/24/00 A3 28.4
5/24A» A4 33.9
5/24/00 ABI 27.8
S/24A)0 ABE 24.1
5/24A» CU 25.4
5/24/00 CLe 17.0
5/26/00 AI 31.8
5/26AK) A2 30.5
5/26A» A3 122
5/26AX) A4 30.4
5/26/00 ABI 16.8
5/26A» ABE 16.3
5/26A» CU 24.1
5/26A» CLe 19.5
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BASINS
Date LocatiM K(a*K,)
6/2/00 AI 29.4
6/2AX) A2 34.6
6/2/00 A3 39.2
6/2/00 A4 38.6
6/2/00 ABI 39.4
6/2/00 ABE 30.6
6/2/00 CLi 20.8
6/2/00 CLe 23.8
6/7/00 A1 20.6
6/7/00 A2 23 1
6/7/00 A3 21.9
6/7/00 A4 21.8
6/7/00 ABI 24.5
6/7/00 ABE 19.6
6/7/00 CLi 19.2
6/7/00 CLe 16.9
6/9/00 A1 32.8
6/9/00 A2 32.4
6/9/00 A3 26.2
6/9/00 A4 33.4
6/9/00 ABI 32.2
6/9/00 ABE 30.8
6/9/00 CLi 22.4
6/9/00 CLe 192
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The following topics deserve further research:
• To investigate the relationship between soluble COD and acetic acid concentrations 
in the influent to the EBPR system at CCSD. For this investigation, it is suggested 
that a more sensitive method be used to determine soluble COD concentrations.
• To investigate dissolved oxygen requirements in the aerobic zones for satisfactory 
phosphorus uptake in the EBPR system at CCSD.
• To isolate microbial cultures from the CCSD activated sludge and perform laboratory 
experiments to determine which cultures are responsible for most phosphorus 
removal.
• To investigate major factors affecting denitrification in the secondary clarifiers at the 
CCSD plant.
• To evaluate BOD requirements in the EBPR influent for adequate biological 
phosphorus removal. In addition, to determine the maximum ferric chloride dosage 
added during primary clarification that would still leave sufficient BOD for efficient 
biological phosphorus removal at CCSD.
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